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Abstract 
 
With current demand for decreased size of micro/nanoscale systems, coupled with 
increased mobility, critical understanding of the ensuing contact or impact related 
behavior of thin solid films used in these systems is of paramount importance for 
improved design and reliability. In modern micro/nanodevice technologies significant 
emphasis has to be placed on the design of thin-films which can provide the required 
contact and scratch resistance. To aid this endeavor, scientific studies of the contact and 
scratch processes in these systems, both static and dynamic are needed to provide the 
tools necessary to help the advancement of these technologies. One such problem is the 
impact contact or quasi-static contact and scratch of the slider and disk in magnetic 
storage hard disk drives (HDD). Similar contact problems are encountered during the 
operation of other micromechanical systems like RF-MEMS switches where surface 
damage is observed after cyclic contact.  
One of the most critical elements of multilayer contact analysis is proper 
determination of the nanomechanical properties of each thin-film on the multilayer 
system. In the first part of this work the method of determining the mechanical properties 
using the Oliver and Pharr (O-P) nanoindentation technique is described. For nanometer 
sized thin-films where the O-P technique gives incorrect results, an improved method is 
used. Later a dimensional analysis-based method to obtain the mechanical properties 
from the nanoindentation data is implemented for magnetic storage films. A direct 
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comparison of the properties obtained from conventional O-P nanoindentation technique 
to this new technique is presented.  
In the second part of this work, the effect of dynamic contact or impact on 
multilayer thin films specific to magnetic storage hard disk drives is presented. Since 
there are no impact models available for multilayer thin films in the literature, a new 
contact mechanics-based (CM) semi-analytical model of a rigid sphere (representing a 
slider corner) impacting an elastic-plastic (E-P) multilayer thin-film half-space was 
proposed for the first time to examine the potential damage to a magnetic storage head 
disk interface (HDI). A dynamic 3D finite element analysis (FEA) model was also 
developed to examine the impact damage in more detail and validate the impact model. 
To characterize the plastic deformation and frictional energy losses associated with the 
impact damage, a comprehensive oblique elastic impact coefficient of restitution (COR) 
model was proposed for elastic-plastic impacts for the first time and validated using FEA. 
A method to decouple the oblique impact parameters into normal impact COR and 
tangential impact COR was formulated. Since, in microsystems, the geometry of the 
impacting bodies is not limited to spherical bodies, a new contact mechanics-based (CM) 
model of a rigid cylinder with a finite length impacting an elastic-plastic homogeneous 
disk was also proposed and includes a novel method of estimating the residual depth after 
impact. Based on elastic unloading, an improved coefficient of restitution model was also 
proposed. This new impact model was applied to study a practical case of a cylindrical 
feature on the slider of a magnetic storage hard disk drive impacting the disk to predict 
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various critical impact contact parameters. The CM model was validated using a plane 
strain FEA-based model and it was found that a cylindrical feature with longer length 
results in a substantial alleviation of impact damage. 
The final part of this work involved the investigation of the performance of thin-
film multilayers while under the influence of much milder quasi-static contact scratch. A 
2D plane strain FEA model of a rigid cylinder sliding over a multilayered thin-film half 
space was developed. The effects of different contact parameters such as applied normal 
load, friction coefficient and radius of curvature of the cylinder on the critical stresses in 
the multilayer system were analyzed. Later, for direct experimental comparison a full-
blown 3D quasi-static FEA-based nanoscratch model of the multilayer thin-film system 
was also developed. The FEA scratch results were compared to nanoscratch experiments 
performed on actual magnetic disks. Consequently, the 3D FEA scratch model was used 
to quantitatively correlate the subsurface plastic deformation to the magnetic erasures 
typically found in HDDs due to scratch for the very first time. 
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1. Introduction 
In current and future technologies, the use of thin film coating on substrates is 
very common for varied reasons like improving the damage resistance from tribological 
contacts, reducing the friction at contacting interfaces consequently resulting in better 
wear performance, and in some cases also protecting the substrate from corrosion. 
Protective thin-films find use in macroscopic applications as well as nanoscale 
applications. An example of a macroscopic application would be compressor surfaces in 
refrigerators (Zhang et al. 2008) where hard polymeric coatings are used reduce the 
friction and wear occurring due to contact. Similarly nanoscale multi-layered thin films 
are used in magnetic storage hard disks drives for the purposes of wear, corrosion and 
oxidation resistance and also protecting the important softer thin-film layers underneath 
the hard protective thin-film. Some micro/nanoscale thin-films are also used as adhesion 
layers between a film and substrate or to help in the deposition of other important thin-
film layers on top of them.  
A lot of research has been done on the effect on the microstructural features on 
these films compared to their state in the bulk form (Lifshitz 1999). These microstructural 
features are also affected by the processing conditions under which the thin-films are 
fabricated (Monteiro 2001). Consequently, it has been reported that the mechanical 
properties of these films are strongly dependent on the film thickness, microstructural 
features, processing conditions (Kohzaki et al. 1997; Scharf et al. 1997; Hyun et al. 2004). 
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The main focus of this work is to study and analyze the contact mechanical 
behavior of thin solid films on substrates. One current application where multilayer thin-
films are used is magnetic storage hard disk drives where the spinning disk consists of 
multilayer thin-films (Fig. 1.1). A typical schematic of a head disk interface (HDI) is 
shown in Fig. 1.2 (Yu 2005), where the recording slider supported over a flexible spring 
(suspension) “flies” over the spinning disk on a cushion of air termed as air-bearing at a 
flying height (FH) of a few nanometers.  
 
 
Figure 1.1: Critical components of a magnetic storage HDD with a typical multilayer 
thin-film layout (Courtesy: HGST) 
 
 
 
 
 
 
 
3 
 
ω
Disk media
Slider
Suspension
Disk media
FH
(a)
....
(b)Slider Suspension
 
Figure 1.2 Typical flying HDI: (a) Schematic of HDI; (b) Close-view of the flying slider 
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Figure 1.3 Schematic of slider with pole tip protruded on magnetic disk (left) and Bottom 
view of slider with pole tip (right) 
In the current state-of-the-art magnetic storage disk drives, the spacing between 
the slider and the magnetic disk is maintained at less than 10 nm. Due to the construction 
of the HDI, impact contact between the slider and the disk can occur especially when the 
hard disk drive encounters shock during its operation (Harrison & Mundt 2000). Due to 
increasing demand for higher magnetic storage areal densities and smaller form factors 
there is an increased need to lower the flying heights. Another important development is 
the use of a thermally actuated pole tip at the end of the trailing edge of the slider (Fig. 
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1.3), which on the application of a voltage would protrude towards the spinning disk 
further reducing the spacing between the head and the disk. The advent of pole tip in 
magnetic storage sliders has increased the chances of light contact even when the hard 
disk drive does not encounter shock. The pole tip protrusion is used to make read/write 
element move closer to the disk bringing the spacing to less than 2-3 nm. This can 
occasionally result in a feature of the slider contacting the spinning magnetic disk 
resulting in scratches with deleterious effects on the operation of the HDD. If these 
scratches occur on locations where data is recorded, they might lead to data erasures (loss 
of data) (Furukawa et al. 2008; Xu et al. 2009; Lee et al. 2009). There are also certain 
situations where the ensuing contact might not lead to visible surface scratches but might 
still result in data erasures (Jeong & Bogy 1993). Hence it is imperative that the contact 
behavior of the thin-film multilayers on the magnetic disk be studied by developing 
effective analysis tools to characterize these phenomena.  
1.1. Determination of “True” Thin-Film Mechanical Properties 
In order to model the dynamic and quasi-static contact behavior of the thin-films 
on substrates, it is of utmost importance that the mechanical properties of these thin-films 
are accurately determined using experimental techniques. Ordinary bulk mechanical 
testing techniques cannot be used to study thin-films attached to another film or a 
substrate since in conventional techniques we need to separate the thin-film and fabricate 
a test sample which is a difficult task. However, due to the advancements made in micro 
and nanofabrication techniques, some researchers have been able to fabricate extremely 
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thin-film samples on which microscale uniaxial tensile testing could be performed to 
obtain the mechanical properties like elastic modulus and yield strength (Jonnalagadda et 
al. 2009) But, the mechanical properties of the thin-films on substrates are very different 
from their isolated thin-film form since the internal stresses and the dislocation motion is 
influenced by the substrates (Nix 1989). In some cases, the thin films need substrates or 
seed layer films to be grown and deposited and thus cannot be fabricated in a free 
standing form. Hence, one of the simpler techniques, nanoindentation, was used to 
determine the mechanical properties of micro/nanoscale thin-films on substrates (Oliver 
& Pharr 1992). During nanoindentation both the force applied by the diamond indenter 
tip and the displacement of the tip can be obtained simultaneously. Commercial 
nanoindentation instruments are widely available which can automate the process and 
extract mechanical properties (i.e., elastic modulus and hardness) using the Oliver and 
Pharr (O-P) method at different indentation depths. Nanoindentation experiments at very 
shallow depths are required to obtain properties of ultra-thin films, but the conventional 
O-P method underestimates the hardness. A correction to the O-P method proposed by 
Yeo and Polycarpou (Yeo & Polycarpou 2007) was used to obtain the correct hardness at 
shallow depths. Based on the above techniques, the method of obtaining the multilayer 
mechanical properties (i.e., reduced elastic modulus and hardness) is described in the first 
part of Chapter 2. 
However, the O-P based nanoindentation method cannot provide a full description 
of the mechanical behavior in terms of a stress-strain curve. In order to complete the 
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description, along with the extraction of the elastic modulus, the yield strength and the 
strain hardening exponent (if strain hardening is present) should also be obtained. Hence, 
to enable proper analysis of contact behavior of these thin-film systems, it is of 
paramount importance to obtain the true mechanical properties. In the latter part of 
Chapter 2, dimensional analysis-based techniques (Cheng & Cheng 1998; Dao et al. 
2001; Bucaille et al. 2003) developed for indentation in conjunction with FEA were 
explored to obtain the full description of the nanomechanical properties of thin films. 
Nanoindentation experiments were performed on a film of Nickel-Phosphorus (Ni-P) 
deposited over Aluminum-Magnesium (Al-Mg) substrate. A two indenter technique 
(Bucaille et al. 2003) was applied to obtain the true mechanical properties of the Ni-P. 
The elastic modulus and hardness were also extracted using the conventional 
nanoindentation method and compared to results from the dimensional analysis-based 
two indenter technique. The relative merits and demerits of both techniques are discussed. 
1.2. Dynamic Contact in Thin Solid Films 
Impact between two solids occurs in numerous mechanical devices and can result 
in unwanted damage to the bodies involved. During impact between two solids, the initial 
kinetic energy gets converted to recoverable elastic strain energy and unrecoverable 
plastic deformation, stress wave propagation, material damping and other forms of 
energy like frictional heat and sound (Gilardi & Sharf 2002). Hertz elastic contact theory 
can be applied to calculate normal elastic impact between spherical bodies or a sphere 
impacting a plane when the deformations due to the resulting impact are quasi-static in 
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nature (Johnson 1985; Yu et al. 2008). The impact process can be captured by quasi-static 
contact theory as long as the energy dissipation due to the resulting stress waves is 
negligible. For most impacts encountered in micromechanical applications, the impact 
velocities encountered will cause negligible stress wave energy dissipation. 
 Material damping and acoustic losses could also be considered minimal. When 
the impacts result in elastic-plastic (E-P) deformation around the contact region, plastic 
deformation can be a significant source of energy dissipation. In these cases instead of 
purely elastic Hertz contact models, elastic-plastic contact constitutive models like 
Johnson’s model (Johnson 1970) which was developed based on analytical approaches 
and Kogut-Etsion (Kogut & Etsion 2002), Jackson-Green (Jackson & Green 2005) and 
Komvopoulos-Ye (Komvopoulos & Ye 2001) models which were based on finite 
element calculations can be used for modeling the impact. Lim and Stronge (Lim & 
Stronge 1998) developed an elastic-plastic cylinder contact model based on a similar 
approach as Johnson’s model (Johnson 1970).  
In applications where the impact is oblique, frictional heat generated at the 
contacting interface can result in energy loss. Frictional heat dissipation is considerable 
only when gross slip occurs (Lim & Stronge 1999). Oblique impact process for spherical 
or cylindrical body impact can be captured by using Coulomb friction along with contact 
deformation models (Lim & Stronge 1999; Wu et al. 2003). An important observation in 
oblique impacts is that as long as the tangential tractions do not significantly affect the 
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normal motion in the contacting bodies, the plastic deformation losses remain insensitive 
to friction (Johnson 1985).  
Normal coefficient of restitution ey is a parameter used to capture the energy loss 
that occurs due to impact in the normal direction (to the plane of impact). In general, it 
can be used to provide a measure of the elastic stress wave losses, e.g. (Hunter 1957) and 
plastic deformation, e.g. (Tabor 1951; Goldsmith 1960; Johnson 1985; Thornton 1997) 
during normal impact. In oblique impact, the tangential motions can be described using a 
tangential coefficient of restitution ex. This is obtained by defining an impulse ratio (ratio 
of tangential impulse over normal impulse), which is a generalization of the coefficient of 
friction (Gilardi & Sharf 2002).  
As the use of hard disk drives in mobile applications increases, the susceptibility 
of disk damage due to high velocity slider-disk impact presents a serious challenge. The 
impact could result in extremely high contact stresses leading to the failure of the head-
disk interface. In Chapter 3, an E-P contact mechanics (CM)-based spherical impact 
model was developed and implemented to study the impact between the slider corner and 
disk. The impact model is based on the contact of a rigid sphere on a deformable half-
space. The effect of slider corner radii and impact velocities on the contact parameters 
was initially investigated for a homogeneous disk substrate. To examine the effects of 
multilayer thin-films on the disk, the model was extended to a realistic multi-layered disk, 
where the actual multilayer mechanical properties were directly measured in Chapter 2. 
At high impact velocities and/or small slider corner radii, the impact was found to be 
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dominated by the substrate and the effect of layers was negligible. At low impact 
velocities and/or large slider corner radii, the effect of nanometer thick layers could 
clearly be seen, as these layers are stiffer than the substrate. Realistic dynamic impact 
experiments involving a slider and spinning thin-film disk were performed using an 
operational shock tester. The impact damage was characterized in terms of residual 
penetration depth caused by the impact force of the shock and the impact velocity of the 
slider. However, the results were inconclusive in correlating with the impact model, but it 
was found that at extremely high impact velocities whole slider edges instead of the slider 
corners were impacting the disk. To better control the experimental parameters, quasi-
static nanoindentation experiments were performed on actual thin-film media and 
successfully compared to the model predictions. 
To ascertain the validity of the elastic-plastic CM-based spherical impact model 
and to investigate the impact process in more detail, in Chapter 4 a dynamic elastic-
plastic finite element model of a sphere (representing a slider corner) obliquely impacting 
a homogeneous disk was created to study the effect of slider corner radius and impact 
velocity on critical contact parameters in Chapter 4. To characterize the energy losses due 
to the operational shock impact damage, the coefficient of restitution for oblique elastic-
plastic impact was studied using the finite element model. A modification to an existing 
physics-based elastic-plastic oblique impact coefficient of restitution model was proposed 
to accurately predict the energy losses for a rigid sphere impacting a half-space. The 
analytical model results compared favorably to the finite element results for the whole 
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range from low impact angles (primarily normal impacts) to high impact angles 
(primarily tangential impacts). 
Based on the observations made in the slider-disk impact experiments in Chapter 
3, for slider edge impacts, it was deemed more appropriate to develop a contact model 
where a cylinder impacts a half-space. Thus, a contact mechanics (CM) based model of a 
fixed-length rigid cylinder impacting a homogeneous elastic-plastic half space was 
developed in Chapter 5 and includes an improved method of estimating the residual depth 
after impact. Based on elastic unloading, an improved coefficient of restitution model 
was also proposed. The impact model was applied to study a practical case of a 
cylindrical feature on the slider of a magnetic storage hard disk drive impacting the disk 
to predict various critical impact contact parameters. The CM-based model was validated 
using a plane strain FEA model, and it was found that a cylindrical feature with longer 
length results in a substantial alleviation of impact damage. 
1.3. Quasi-Static Contact and Scratch in Thin Solid films 
Sliding contact analysis of an elastic homogeneous half space using a rigid 
circular sphere was analyzed by Hamilton and Goodman (Hamilton & Goodman 1966). It 
was shown that for lower friction cases (namely friction coefficient values less than 0.3) 
the first yield occurred directly beneath the sphere and moves towards the surface with 
increasing friction. King and O’Sullivan (King & O'Sullivan 1987) examined the sliding 
contact of an elastic two-layered half-space with a rigid cylinder and observed that for 
sufficiently high friction cases, the maximum von Mises stress occurred at the surface 
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near the front of the contact area with a corresponding high tensile stress in the rear of the 
contact region. Elastic-plastic analysis of sliding and rolling contact is fairly complex and 
few analytical approaches have been presented, e.g., (Merwin & Johnson 1963; Jiang & 
Sehitoglu 1994). Owing to the complexity of elastic-plastic sliding contact the finite 
element analysis (FEA) has been employed for such cases. Tian and Saka (Tian & Saka 
1991a; Tian & Saka 1991b) analyzed sliding contact of a two-layer half-space using 
plane-strain FEA under combined normal and tangential loading. The two layer system 
was comprised of a softer coating with a harder interlayer on a substrate and they 
observed that the magnitude of the interfacial shear stress depends on the friction 
coefficient.  
The stress and strain behavior under cyclic contacts has been extensively studied 
in the literature. Elastic shakedown is referred to as the condition in which there will be 
plastic deformation on initial contact, but on repeated contact the material will exhibit a 
steady-state response of purely elastic behavior due to residual stresses (strain hardening). 
Plastic shakedown behavior refers to the case when the steady-state stress-strain curve is 
represented by a closed elastic-plastic loop, with no net accumulation of plastic strain. 
When the applied loads result in the accumulation of a net incremental plastic strain 
during each cycle, it is termed as ratchetting. The limits for shakedown were reported by 
Johnson (Johnson 1985) for repeated rolling line contacts on homogeneous media. Bower 
and Johnson (Bower & Johnson 1989) examined the influence of strain hardening on the 
cumulative plastic deformation (ratchetting) which takes place in repeated rolling and 
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sliding contacts in elastic-perfectly plastic and kinematic hardening homogeneous 
materials. FEA was performed for repeated rolling contact on a three-dimensional 
homogeneous half-space at and above the shakedown limits for elastic-perfectly plastic 
and kinematic hardening materials (Kulkarni et al. 1990; Kulkarni et al. 1991). It was 
reported that for perfectly plastic materials analyzed at the shakedown limit, steady-state 
was attained within just one cycle. For loads above the shakedown limit, in the hardening 
material case, plastic strain accumulation took place in the sub-surface, and for the 
perfectly plastic material case the plastic strain accumulation was also observed on the 
surface (in addition to the sub-surface). For hardening materials, plastic shakedown was 
reached immediately while ratchetting behavior was observed for perfectly plastic 
materials. Kral and Komvopoulos (Kral & Komvopoulos 1996) analyzed the effects of 
layer material properties and normal load on the subsurface stress and deformation 
behavior due to repeated sliding contact on a single-layered elastic-plastic half-space. 
Peng and Bhushan (Peng & Bhushan 2002) developed a three-dimensional numerical 
model to investigate the quasi-static sliding contact behavior of single layered 
elastic/plastic solids with rough surfaces by using a variational principle with a fast 
Fourier transform (FFT)-based scheme, where the effect of rough surface was 
investigated using the influence coefficient method.  
The above-mentioned works contribute to the area of sliding contact on thin-films 
and provide a generic estimate of the behavior of thin-films under sliding contact. The 
earlier publications examining layered materials involved up to two layers on substrate 
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materials. FEA-based repeated sliding contact work has been limited to two sliding 
contact cycles due to computational limitations. In applications such as magnetic storage, 
there are multiple thin-film layers present, and their exact arrangement, thickness, 
stiffness and hardness are critical; for example, the mechanical behavior of some layers 
might be more critical (detrimental) than other layers. Moreover, a magnetic storage thin-
film might undergo multiple scratches or sliding contacts due to its design and 
construction. Typically, the mechanical properties of the thin-film layers are not known 
and bulk material properties have been used even for extremely thin films as is the case in 
magnetic storage. Such practice, however, could lead to inaccurate results, since it has 
been shown that thin-film behavior is different from their bulk counterparts, and thus 
their properties are different (Lee et al. 2006). 
In Chapter 6, the sliding contact or scratch behavior of multi-layer thin-films such 
as those found in magnetic storage disks has been studied using a plane strain FEA model. 
A rigid cylinder sliding over a multilayered thin-film half-space was modeled to simulate 
the contact between a feature of the recording slider (such as the protrusion on the trailing 
edge of the slider, which is part of the Thermal Flying-height Control, TFC) and the 
magnetic storage multilayer disk.  The effects of different parameters such as normal load, 
friction coefficient and TFC radius on the von Mises, shear and principal stresses on the 
multilayer system were analyzed. Results showed that under sliding conditions, for a 
given normal load, the friction coefficient influences the location and magnitude of the 
plastic strain in the multilayer system. Repeated sliding contact was also performed to 
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characterize its effect on the stress and strain behavior under various loading conditions 
and investigate shakedown behavior.  
Scratch-related magnetic signal degradation can occur during magnetic storage 
hard disk drive operation when the read-write heads contact the spinning multilayer disks. 
The combination of mechanically and thermally induced stresses due to scratch might 
result in inverse-magnetostriction (also known as the Villari effect) (Chikazumi 1964; 
Hoshi et al. 1984; Lin et al. 1986; Mauri et al. 1990) and combined with reduced media 
coercivity could result in demagnetization of the recorded data. Lee et al. (Lee et al. 
2009) examined magnetic erasures occurring due to low-speed nanoscratch experiments 
on both longitudinal magnetic recording (LMR) and perpendicular magnetic recording 
media (PMR) and postulated that plastic strain was responsible for magnetic degradation 
without involving thermal effects. Furukawa et al. (Furukawa et al. 2008) examined 
scratch-induced demagnetization on PMR media and concluded that it is mainly caused 
by permanent deformation, which results in grain tilt in the recording layer, rather than by 
residual stresses. Xu et al. (Xu et al. 2009) reported that media coercivity is reduced in 
the regions where mechanical scratch damage exists. These experimental works suggest 
that permanent deformation on the magnetic layers can cause demagnetization but do not 
provide a model that can estimate the strain field or the extent of the deformed region 
over which data erasures could occur. This is due to the fact that it is not possible to 
visualize the strain field using in-situ experimental techniques on nanometer scale thin-
films. 
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Thus in Chapter 7, to model this phenomenon controlled nanoscratch experiments 
were performed on perpendicular magnetic recording media using various indenters of 
different radii of curvature. Various loading conditions were used to cause permanent 
scratches that were measured using atomic force microscopy. The nanoscratch 
experiments were simulated using finite element analysis (FEA) that included the 
detailed nanometer scale thin-film multilayer mechanical properties. The permanently 
deformed field in the sub-surface magnetic recording layer was extracted from the FEA 
results. The residual scratch widths measured on the surface of the magnetic storage disk 
were directly compared with the residual sub-surface widths of the region on the 
magnetic recording layer where extensive permanent lateral deformation was present. It 
was found that the sub-surface widths of the deformed regions were larger than the 
surface scratch widths. Thus, sub-surface thin-film layers, such as the magnetic recording 
layer, could be damaged without observable damage to the protective top surface carbon 
overcoat. The exact location and extent of damage to the magnetic recording layer 
depends on the scratch load, size of scratch tip, and the friction at the interface. Such 
permanent deformation in magnetic recording layer could lead to demagnetization, which 
has been reported in the literature. 
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2. Determination of Mechanical Properties of Multilayer 
Thin-Films Using Nanoindentation 
2.1. Introduction 
Indentation is one of the simplest mechanical tests to probe the mechanical 
behavior of materials. An attractive feature of this test is that it can be performed with 
minimal sample preparation and can be performed multiple times on a small sample. 
With the advent of modern instrumentation, indentation involving forces as low as pico-
newtons and displacements in the sub-nanometer scale can be performed reliably. This 
method of indentation analysis at the nanoscale had hence been termed appropriately as 
“nanoindentation.”  Traditionally, the mechanical properties that could be obtained using 
the instrumented indentation technique are the elastic modulus and hardness. The most 
commonly used technique for this purpose was proposed by Oliver and Pharr (O-P) 
(Oliver & Pharr 1992), where a power-law relation between load and displacement was 
used. 
Nanoindentation is particularly convenient in obtaining the mechanical properties 
of coated substrates or multilayer thin-film materials. Thin-film properties could be 
measured by ensuring that the indentation contact depth is 10-20% of the film’s thickness 
whose properties are sought (Oliver & Pharr 1992). Thus, nanoindentation has been used 
to extract the mechanical properties from multilayer thin-film structures without the need 
to examine each film separately, which requires an enormous amount of sample 
preparation or in some cases is infeasible (Lee et al. 2007). 
 
 
 
 
 
 
 
17 
The hardness of a material has been used as a descriptor of its resistance to plastic 
deformation and consequently is a property which can be related to the plastic behavior 
of a material (Gouldstone et al. 2007). Based on empirical observations, Tabor (Tabor 
1951) proposed that the hardness of ductile metals is approximately three times the yield 
strength of that particular metal. The accuracy and range of applicability of this relation is 
still being studied (Cheng & Cheng 2000; Dao et al. 2001; Lee et al. 2008). However, 
most thin-film materials that are being synthesized in the modern days might not have 
similar plasticity mechanisms as their bulk counterparts due to influence of high-density 
of internal boundaries associated with micro-structural features, surface effects and 
constraints imposed by the substrate (Hyun et al. 2004). Thus, in light of these 
phenomena it is important that the relationship between hardness extracted from 
nanoindentation experiments and the corresponding yield strength should be re-examined 
for thin-film materials.  
With the advancements of computational techniques and power, tremendous 
effort has been directed toward obtaining all the mechanical properties required to 
construct a stress-strain curve of a material based on the depth-sensing indentation data 
e.g. (Dao et al. 2001; Bucaille et al. 2003). The mechanical properties required for this 
are the elastic modulus, yield strength and the strain hardening exponent. Using FEA and 
dimensional analysis, mathematical expressions to estimate the “true” mechanical 
properties directly from the indentation load-displacement data have been presented 
without the need to obtain the hardness of the material.   
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A major component of this work deals with thin-film structures used in magnetic 
storage hard disks. To examine the dynamic and quasi-static contact mechanical behavior 
of these structures, it is of paramount importance that the mechanical properties of these 
films are accurately determined. Hence this chapter is dedicated to extraction of the 
mechanical properties of the multilayer thin-film structures using the nanoindentation 
technique. Later, a method to obtain the mechanical properties using these newly 
developed dimensional analysis-based techniques is implemented to extract the properties 
of the Ni-P layer on a magnetic storage disk. The relative merits and limitations of this 
technique in relation to the conventional O-P based nanoindentation technique are also 
discussed towards the end. 
2.2. Oliver and Pharr (O-P) Method-based Nanoindentation Technique  
The mechanical property determination method proposed by Oliver and Pharr is 
one of the most widely used nanoindentation techniques. It is an extension of the Doerner 
and Nix (Doerner & Nix 1986) method where a constant contact area and linear 
unloading are assumed. Oliver and Pharr assumed a nonlinear unloading curve and 
indenter tip dependent contact area whose area function has to be determined. Figure 
2.1(a) shows a schematic of contact geometry during the loading and unloading process 
of the nanoindentation process and Fig. 2.1(b) shows the loading and unloading data from 
a typical nanoindentation curve. Three important parameters are needed as depicted in the 
Fig. 2.1, i.e., maximum load Pmax, maximum depth hm and elastic unloading stiffness S. 
The unloading curve is fitted to a power law relation of the form 
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( )mrP B h h= −              (2.1) 
where P is the applied load, h is the displacement, B and m are fitting coefficients to the 
data, and hr is the residual or final displacement after complete unloading. Thus the 
elastic unloading stiffness S from the initial part of the unloading stage can be determined 
at hm using 
( )
m
1
m
m
r
h h
dPS mB h h
dh
−
=
= = −                (2.2) 
The amount of material “sink-in” hs is given by 
max
s
Ph
S
α=               (2.3) 
where ε is the indenter geometry constant. ε  is 0.72 for a conical geometry, 0.75 for a 
paraboloid of revolution and 1 for a flat punch.  Since Berkovich or 90o cube corner are 
mostly commonly used whose tips have some kind of blunting that can be represented by 
a paraboloid (Yu et al. 2004) α = 0.75 is the most appropriate value. Using Eqs. (2.2) and 
(2.3), the contact depth hc (shown in Fig. 2.1), can be determined by 
 maxmc
Ph h
S
α= −              (2.4) 
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Figure 2.1 Schematics of typical nanoindentation process (a) contact geometry during 
unloading process from Yeo (2008) (b) typical P-h nanoindentation curve with all the 
relevant parameters labeled 
Based on the above parameters, the reduced elastic modulus Er and hardness H 
can be obtained from a nanoindentation load-unload curve using Eqs. (2.5) and (2.6), 
respectively. 
2r c
SE
A
π
β=           (2.5) 
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max
c
PH
A
=           (2.6) 
where β is a correction factor that depends on the tip geometry and Ac is the in-situ 
contact area which is obtained from a predetermined tip shape function, ( )c cA f h= .  
For ideal indenter geometry with a mathematically sharp tip it is given as 
2
0c cA C h=                (2.7) 
where C0 is a constant which depends on the indenter geometry. C0 is 24.5 for a 
Berkovich indenter and 2.598 for a 90o cube corner indenter. However, in practice all 
indenters have a certain degree of roundness at the tip due to manufacturing limitations 
and blunting due to progressive use. Thus to compensate for the tip rounding additional 
terms are added to Eq. (2.7)  
( )28
0
i
c i c
i
A C h
−
=
= ∑              (2.8) 
Where Ci is obtained from nanoindentation data obtained from a ‘standard’ calibration 
material like fused quartz via curve-fitting. The correction factor β can be calculated from 
the relationship proposed by Borodich and Keer (Borodich & Keer 2004) and is equal to 
1.028 when Poisson’s ratio ν is 0.3    
( ) ( )1 ln 3 4
1 2
ν νβ ν
− −= −               (2.9) 
Traditionally, hardness is defined as the resistance to plastic deformation. It uses 
the area of the residual impression left by the indenter tip. In the O-P method, Eq. (2.6.) 
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indicates that H is obtained by using the in-situ contact area Ac at the peak applied load 
based on the elastic analysis by Sneddon (Sneddon 1965). This process is acceptable if 
the applied load is sufficiently high to cause enough plastic deformation such that elastic 
recovery after tip unloading is negligible. However, if there is considerable elastic 
recovery after tip unloading which is the case especially at low applied loads and shallow 
indenting depths, the O-P method underestimates the hardness values (Lemoine et al. 
2000). Hence, Yeo and Polycarpou (Yeo & Polycarpou 2007) proposed a correction to 
the O-P technique to measure the mechanical properties of ultra-thin films of thickness 
<10 nm reliably from nanoindentation experiments. For this our purpose a very sharp 
nanoindenting tip whose radius is <40 nm is used (Northstar tip, Hysitron Inc.) is used to 
indent at very shallow depths. The residual indented depth hr could be determined as 
r c eh h h= −             (2.10) 
Where he is the elastic component of the total contact depth hc. he is obtained by 
progressively performing nanoindentation from very low applied loads and observing 
when unloading curve starts showing a deviation from the path of the loading curve thus 
identifying a maximum load to cause pure elastic deformation max
eP  immediately before 
the initiation of the plastic deformation. Once max
eP is identified, use Eq. (2.4)’ to obtain he 
max
e
e m
Ph h
S
α= −             (2.4)’ 
Also, the micro geometry of the tip end in the contact region for shallow depths is 
spherical. Thus the in-situ contact diameter of the tip Dc is obtained as 
 
 
 
 
 
 
 
23 
( )c c
c
c
A h
D
hπ=             (2.11) 
At shallow depths < 5 nm it was found that a fixed value of tip radius could not fit the 
contact area properly to the measured area values owing to manufacturing limitations. 
Thus actual nanoindenter tips do not have an ideal radius of curvature. Thus a variable tip 
radius was used for shallow contact depth range. The residual indented area Ar could be 
determined as 
r c rA D hπ=             (2.12) 
Substituting the residual indented area Ar for the in-situ contact area Ac in Eq. (2.6) will 
give the corrected hardness 
max
c r
PH
D hπ=              (2.13) 
Yeo and Polycarpou (2007) also observed that at shallow depths, the contact area has two 
different trends at contact depths below and above 10 nm for the particular indenter being 
used. For this reason, the tip area function was calibrated separately for below and above 
10 nm contact depth. The area functions they obtained were 
For hc ≤ 10 nm 
23.2693 364.3718c c cA h h= − +         (2.14) 
For hc > 10 nm 
11 1
82 4
1 1 1 1
16 32 64 128
24.9273 4.6127 82.2967 323.4661 216.7195
24.8025 530.7649 650.6297 715.0875
c c c c c c
c c c c
A h h h h h
h h h h
= + + + −
+ + + +     (2.15) 
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Note that this can be different for a different indenter and can also be different due to 
blunting induced by progressive use.  
2.3. Nanoindentation Experiments on Multilayer Magnetic Disks  
A typical thin-film layout of an Al-Mg substrate-based perpendicular recording 
multilayer magnetic storage disk (used in Chapters 6 and 7) is depicted in Fig. 2.2. On 
top of the aluminum substrate there is a 10 μm thick Ni-P layer, which is referred to as 
substrate in this study.  This assumption is justifiable as the Ni-P thickness is orders of 
magnitude larger than the top magnetic layers.  For the loads and penetration depths 
investigated in this work, it was found that only part of the Ni-P layer needs to be 
considered as the substrate. A 64 nm soft magnetic underlayer (SUL), usually made of 
Chromium-Vanadium alloy (CrV) is deposited on the Ni-P substrate, and an intermediate 
layer (IL) of 28 nm thickness is present over the SUL. The magnetic recording layer 
(MAG), which is a cobalt-based alloy with close packed hexagonal (hcp) lattice structure, 
and the most critical layer in terms of data recording, is grown epitaxially on the IL and it 
has a thickness of 16 nm. A thin and hard diamond-like carbon (DLC) is present on the 
magnetic layer to provide protection and corrosion resistance to the disk and has a 
thickness of 4 nm. A very thin lubricant layer of 1-2 nm thickness is present on the top 
surface, but since the lubricant layer is not expected to provide any structural rigidity to 
the disk, this layer has not been considered in the present analysis. Even though exact 
layer thickness values were used in the present work, the general order of magnitude of 
these layer thicknesses are similar for different media designs.  
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In Chapters 3 and 4, a Glass ceramic substrate based multilayer magnetic disk was 
used. The thin-film layout as seen in Fig. 2.3 is very similar to the Aluminum substrate 
based disk (Fig. 2.2), except for the Al-Mg disk also has an additional layer i.e. IL.  
Lubricant 1~2 nm
DLC = 4 nm
Magnetic Layer = 16 nm
Intermediate Layer = 28 nm
Substrate (Ni-P) ~ 10 μm
Soft magnetic Underlayer =  64 nm
 
Figure 2.2 Schematic cross-section of typical Aluminum substrate based thin-film 
magnetic disk 
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Figure 2.3 Schematic cross-section of typical Glass ceramic substrate based thin-film 
magnetic disk 
The mechanical behavior of the thin-films is different compared to their behavior 
in bulk form. In case of crystalline thin-films, one of the reasons for their different 
behavior would be the restriction imposed by the interface of the different films that 
could result in smaller grain size. As a result, the dislocations would not be able to move 
freely, thus increasing the mechanical strength of the film e.g., (Hyun et al. 2004).  
The mechanical properties of thin-films need to be obtained separately and the 
most commonly accepted and convenient technique is nanoindentation (Oliver & Pharr 
1992) as it can be performed on the multilayered thin-films directly without the need to 
separate and examine each layer. In Sec. 2.2 a framework to obtain the mechanical 
properties from shallow depths to deep indentations was shown. To obtain properties of 
the top thin-films, shallow indentations made at very low indentation loads are required. 
For this purpose a specially designed nanoindentation instrument, which can reliably 
measure the properties of thin-films with a contact depth as low as 4 Å (Yu et al. 2005) 
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was used in this work. To obtain properties of thin-film layers present close to the 
substrate, a commercially available nanoindenter, Triboscope, manufactured by Hysitron 
Inc. was used. Thus the nanoindentation for different depth ranges was performed as 
follows: 
For hc ≤ 15 nm: Use the special nanoindentation instrument (Yu et al., 2005) with a 
Northstar tip whose tip radius R < 40 nm and obtain properties as per the corrected O-P 
method proposed by Yeo and Polycarpou (Yeo & Polycarpou 2007). 
For 15 < hc ≤ 60 nm: Use the Triboscope nanoindenting system (Hysitron Inc.) with a 90o 
Cube corner tip whose R ~ 40-100 nm and obtain properties using O-P method (1992)  
For 40 < hc ≤ 170 nm: Use the Triboscope nanoindenting system (Hysitron Inc.) with a 
Berkovich tip whose R ~ 150 nm and obtain properties using O-P method. 
From the nanoindentation measurements the reduced elastic modulus Er, and 
hardness H are shown as a function of the contact depth hc from the above mentioned 
process as seen in Fig. 2.4 corresponding to the Glass ceramic substrate based disk in Fig. 
2.3. Note that the linear curve-fits indicate the trend-line of the properties. Since we know 
the thickness of each thin-film layer (Fig. 2.3), we can obtain the mechanical properties 
of each layer based on the Er and H values at a certain hc depending of the location of a 
particular thin-film from the top of the thin-film multilayer structure.  
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Figure 2.4 Measured mechanical properties of thin-film media as a function of contact 
depth from nanoindentation experiments: (a) reduced elastic modulus (b) hardness.  Error 
bars designate ± 1 standard deviation 
(b) 
 
 
 
 
 
 
 
29 
2.4. Dimensional Analysis Methods Overview 
Hardness H is not a true descriptor of the plastic properties of the film. 
Traditionally Tabor’s empirical relationship i.e. H ~ 3σY (1951) was used, which is 
applicable for metals. The O-P method also does not provide a means to determine strain 
hardening. Hence in this section a method to obtain the “true” mechanical properties i.e., 
elastic modulus Er, yield strength σY and the strain hardening exponent n from 
nanoindentation data, is examined. 
The true stress-true strain (σ-ε) curves of solids under tension are assumed to be 
given by 
for
for
Y
n Y
E
E
K
E
σσ ε ε
σσ ε ε
= ≤
= ≥
              Eq. (2.16) 
where E is the elastic modulus, σY is the yield strength, K is the strength coefficient and n 
is the strain hardening exponent. To ensure continuity, 
n
Y
Y
EK σ σ
⎡ ⎤= ⎢ ⎥⎣ ⎦
                Eq. (2.17) 
Therefore, only E, σY and n are required to construct the true stress-true strain 
relationship.  When n is 0, the Eq. 2.17 represents the behavior of perfectly plastic solids. 
With the aid of computational analysis using the finite element method, Cheng and 
Cheng (Cheng & Cheng 1998) and Tunvisut et al. (Tunvisut et al. 2001) had proposed a 
set of dimensionless universal functions from load P – displacement h nanoindentation 
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data (for reference, a typical nanoindentation curve is shown in Fig. 2.1.). However a 
complete set of analytical functions was not provided in a format readily usable to obtain 
the mechanical properties.   
Dao et al. (Dao et al. 2001) also proposed a set of universal dimensionless 
functions and a closed form relationship between the indentation data and mechanical 
properties. For a sharp indenter, which has a fixed indenter shape and tip angle, the load 
P can be written as 
( ), , ,r YP P h E nσ=                (2.18) 
Alternatively, a parameter called representative stress σr is defined as the 
representative stress corresponding to a plastic strain quantity called representative strain 
εr where total strain ε = εY (yield strain) + εr is chosen such that it normalizes a particular 
dimensionless function with respect to strain hardening so that it will be a distinct value. 
Thus Eq. 2.18 can be rewritten as 
( ), , ,r Y rP P h E σ σ=                (2.19) 
Applying the Π theorem from dimensional analysis, Eq. 2.19 will become 
12
1
,
,
r
r
r
r
r r
EPC n
h
EC n
σ σ
σ σ
⎛ ⎞= = ∏ ⎜ ⎟⎝ ⎠
⎛ ⎞⇒ = ∏ ⎜ ⎟⎝ ⎠
              (2.20) 
For a Berkovich indenter, Dao et al. found that at εr = 3.3% a dimensionless function Π1 
could be constructed independent of strain hardening exponent n, based on FEA 
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simulations for the whole range of elastic-plastic parameters representing the typical 
behavior of engineering metals. This indicates that, for a given value of Er, all power law 
plastic, true stress - true strain curves exhibit the same true stress at the given εr = 3.3%.  
1
0.033 0.033
rEC
σ σ
⎛ ⎞= ∏ ⎜ ⎟⎝ ⎠
               (2.21) 
The angle of an equivalent conical indenter θ  which approximates the behavior of a 
Berkovich indenter is 70.3o. Bucaille et al. (2003) constructed the function Π1θ for other 
indenter angles θ = 50o, 60o and 42.3o. For each angle θ, the εr was defined such that the 
dimensionless function Π1θ is independent of n. Thus for the 90o Cube corner indenter 
(henceforth referred to as Cube corner indenter) case, where the equivalent conical 
indenter angle is 42.3o, εr = 12.6%.  
1
0.126 0.126
rC Eθ
θσ σ
⎛ ⎞= ∏ ⎜ ⎟⎝ ⎠
               (2.22) 
σr is related to the material properties as shown in the under given equation 
1
n
r
r Y r
Y
Eσ σ εσ
⎛ ⎞= +⎜ ⎟⎝ ⎠
              (2.23) 
0.033 1 0.033
n
r
Y
Y
Eσ σ σ
⎛ ⎞⇒ = +⎜ ⎟⎝ ⎠
            (2.24) 
and 0.126 1 0.126
n
r
Y
Y
Eσ σ σ
⎛ ⎞= +⎜ ⎟⎝ ⎠
            (2.25) 
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Another dimensionless function Π4 was obtained by Dao et al. correlating the 
maximum displacement hm and residual displacement hr from the P-h curve to the 
maximum load Pmax, contact area Ac and reduced elastic modulus Er as shown below. 
max
4
r
m c r
Ph
h A E
⎛ ⎞∏ =⎜ ⎟⎝ ⎠
               (2.26)  
where the verified range is 0.5 0.98r
m
h
h
< <  
According to King (King 1987) 
1
m
r
hc c
dP SE
dhc A c A
= =                        (2.27) 
where  2c βπ=  and 
mh
dPS
dh
= is obtained from the initial unloading part of the P - h curve 
as seen in Fig. 2.1(b). For linear-elastic analysis c = 1.167 (for a Berkovich indenter). 
However based on large deformation elastic-plastic FEA computations, Dao et al. found 
that c = 1.237 is more accurate.  
The dimensionless functions are given below: 
3 2
1 1.131 ln 13.635 ln 30.594 ln 29.267r r r
r r r
E E E
σ σ σ
⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞∏ = − + − +⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦ ⎣ ⎦ ⎣ ⎦
         (2.28) 
3 2
2
1 tan 0.02552 ln 0.72526 ln 6.34493 ln 6.47458r r r
r r r
E E E
θ
θ θ θ
θ σ σ σ
⎧ ⎫⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎪ ⎪∏ = − + −⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎨ ⎬⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎪ ⎪⎣ ⎦ ⎣ ⎦ ⎣ ⎦⎩ ⎭
                        (2.29) 
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1.142735
4 0.268536 0.9952495 r
m
h
h
⎛ ⎞∏ = −⎜ ⎟⎝ ⎠
                     (2.30) 
 Bucaille’s et al. method (also known as the two indenter method) to obtain the 
elastic–plastic parameters from the nanoindentation P-h data is described below based on 
the above analysis. 
Step-1: Perform the nanoindentation experiment and obtain the P-h data using both a 
Berkovich and a cube corner indenter. Extract the required parameters: hm, hr, Pmax, 
 
mh
dPS dh= (Berkovich: unloading part), 2
PC
h
= (Berkovich: loading part) and 
 2
PC
h
θ
θ
θ
=  (Cube corner: loading part) 
Step-2: Use Eqs. 2.26, 2.27 and 2.30 to obtain Er and Ac using Berkovich data 
Step-3: Solve Eqs. 2.21 and 2.22 simultaneously to obtain representative stresses 0.033σ  
and   0.126σ  
Step-4: If 0.126 0.033σ σ> then 0.033Yσ σ=  and n = 0, i.e. the material does not strain harden. 
 Else solve Eqs. 2.24 and 2.25 simultaneously to obtain Yσ  and n. 
2.5. Measurement of Ni-P Film Properties 
In current PMR disks, typically a 10 μm layer of Nickel-Phosphorus (Ni-P) layer 
is deposited on an Al-Mg based substrate. The other thin-film layers are then deposited 
on the Ni-P layer (refer to Fig. 2.2). These thin-film properties are obtained using the O-P 
method or some slight variants of it on the nanoindentation data. However, as mentioned 
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in the motivation of this work, using O-P method one can only obtain the hardness H as 
the indicator of plastic property of a material, and the yield strength is obtained as σY ~ 
H/2.9 as observed by Tabor for ductile metals. For the lack of a better method to extract 
properties from nanoindentation, σY has been estimated based on the above conversion 
factor. To determine if the method is still acceptable, nanoindentation was performed on 
a 10 μm Ni-P layer on Al-Mg substrate without any other thin-films present on the Ni-P.  
The typical nanoindentation contact depths were maintained less then 0.2 μm so that 
there is no substrate effect. Nanoindentation was performed using a Berkovich indenter at 
various contact depths hc, and the mechanical properties Er and H were obtained using 
the O-P method as shown in Fig. 2.5. 
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Figure 2.5 (contd. on next page) 
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Figure 2.5 Mechanical properties of Ni-P film obtained using Berkovich indenter (a) 
Reduced elastic modulus Er (b) Hardness H. Errors bars show +/- one sigma 
Based on Fig. 2.5, we can clearly observe that Er = 156 GPa and H = 7.75 GPa. 
We observe that these properties are nearly constant, which indicates that the 
measurements do not have any effect of the substrate since the film is very thick. Thus 
based on Tabor’s analysis the yield strength σY = 7.75/2.9 = 2.67 GPa. These properties 
will be compared to the elastic-plastic properties that will be obtained using the two-
indenter method explained in Sec. 2.4. 
Nanoindentation tests were performed using two indenter tips: Berkovich and 
Cube corner. Typical P-h curves obtained from the nanoindentation tests are shown in 
Fig. 2.6. In Fig. 2.6(a), the P-h data obtained using the Berkovich tip is shown, where the 
maximum load Pmax is 3000 μN and the corresponding contact depth hc ~ 135 nm. 
Similarly, the P-h data using the cube corner indenter is shown in Fig. 2.6(b), where the 
maximum load Pmax is 900 μN and the maximum hc is ~185 nm. Three different applied 
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loads were used for the Berkovich indenter: 1000 μN, 2000 μN and 3000 μN, and three 
different experiments were performed at each load. Similarly, three different load levels 
were used for the Cube corner indenter: 500 μN, 2000 μN and 3000 μN with three 
experiments for each load level. The Cube corner indenter is much sharper than the 
Berkovich indenter, and thus will need lower loads to indent a material to a certain depth. 
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Figure 2.6 (contd. on next page) 
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Figure 2.6 Typical Ni-P nanoindentation P-h data obtained from using (a) Berkovich tip; 
(c) Cube corner tip 
The reduced elastic modulus Er, obtained from the P-h data of the Berkovich 
indenter using Step 2 in Sec. 2.4, is plotted in Fig. 2.7. We can observe a slight decrease 
in Er values as contact depth hc is increasing. But on average the Er is fairly constant and 
the results are similar to the Er obtained using O-P method in Fig. 2.5. The yield strength 
σY and the strain hardening exponent n are also obtained by following Steps 3 and 4 in 
Sec. 2.4. Since these properties are extracted from P-h data obtained from two different 
indenters, we will have a set of σY and n values (obtained at different contact depths in 
cube corner indenter) for each data point obtained at a certain hc from Berkovich case. 
Hence, in Fig. 2.8, we can see σY plotted at various cube corner contact depths hc. We 
also observe that there are 3 sets of σY values since they are obtained using Berkovich 
data at three different hc values. 
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Figure 2.7 Reduced elastic modulus Er of the Ni-P substrate obtained using Dao et al 
method 
Similarly the strain hardening exponent n is plotted in Fig. 2.9 over the range of 
cube corner contact depths for each Berkovich hc. In Fig. 2.5, we observe that as σY 
montonically increases as the Cube corner hc is increasing for a given Berkovich hc. For a 
given cube corner hc, the σY value is decreasing as the Berkovich hc is increasing. This 
trend is exactly opposite for n as seen in Fig. 2.9. For a given Berkovich hc, the n 
decreases as Cube corner n increases; and for a given Cube corner hc, the n increases as 
Berkovich hc increases. The results in Figs. 2.8 and 2.9 are contrary to the expectation 
that the substrate properties should be independent of the hc. Note that that there will not 
be any surface effects or scaling effects at the hc involved in this work since the contact 
depths are fairly high.  
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Figure 2.8 Yield strength Y obtained at various Cube corner and Berkovich indenter 
contact depths hc 
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Figure 2.9 Strain hardening exponent n obtained at various Cube corner and Berkovich 
indenter contact depths hc   
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The difference in the results is because the dimensional analysis-based methods 
were developed based on the principle of self-similarity of the indenting geometries, 
which is correct for only sharp indenters. So, if there is any blunting of the indenters 
involved, it could significantly affect the behavior of the P-h curve obtained through 
nanoindentation. Ideally, the indenters should be sharp, but due to fabrication limitations, 
tips will invariably be blunt and the extent of bluntness determines the quality of the 
indenter (Yu et al. 2004). Hence nanoindenter tip manufacturers specify the associated 
blunting using a tip radius of curvature (Hysitron Inc., 2007), as well as the minimum 
contact depth beyond which the nanoindentation measurements will be reliable. Also, 
progressive use of the nanoindenter tips will also contribute to the blunting process. 
Hence, in this work a measure of the extent of blunting the associated tips had undergone 
due to their usage was sought to be found. This would help understand the contact depth 
up to which the indenter was highly blunted due to progressive use. Based on this we can 
estimate how deep the indentations have to be so that the influence of the tip blunting can 
be neglected and thus help us obtain the true mechanical properties reliably. 
2.6. Estimation of Indenter Tip Rounding 
The contact area Ac of an ideal indenter without any tip rounding as a function of 
hc is given by Eq. (2.7); i.e., 20c cA C h=        
       
However, due to finite tip radius and manufacturing differences, additional terms are 
empirically added as 
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1 11 12 8 162 4
0 1 2 3 4 5c c c c c c cA C h C h C h C h C h C h= + + + + +          (2.31) 
where C1 to C5 are constants specific to an indenter and are determined from 
nanoindentation experiments on a standard material with known mechanical properties 
such as fused quartz using curve fitting (Oliver & Pharr 1992). However, it is difficult to 
estimate the extent of blunting by using the above equation. Also, it is difficult to 
represent the tip geometry in finite element simulations using the above equation.  
For this purpose Yu et al. (Yu et al. 2004) proposed a nonlinear regression method 
to estimate an equivalent tip radius to capture the blunting, which takes into account the 
fact that contact occurs only within the spherical (blunted) surface of the tip before 
contact with the equivalent conical surface also takes place. By experimentally obtaining 
the contact area calibration data at various contact depths, an equivalent tip radius for a 
cube corner indenter is determined by least-squares fit to a bilocular spherical-conical 
model of the area function in which the tip radius is the fitting parameter. The area 
functions for the spherical and conical parts are given by 
( )
( )
spherical
22
conical 0
2 , for
tan , for
c c c a
c c a
A h R h h h
A h h h h
π
π θ
= − ≤
= + >           (2.32) 
where the change from Aspherical to Aconical occurs at 
sinah R R θ= −              (2.33) 
This model is comparable to the curve fitting provided by Eq. 2.31. So, following 
this work, a series of indentations were performed on a standard fused quartz calibration 
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sample. Since the mechanical properties of fused quartz are known beforehand, the 
contact area of these indentations is found by 
2
2 24c r
SA
E
π
β=             (2.34) 
The contact area is then plotted vs. the contact depth hc and nonlinear least 
squares fit of Eq. 2.32 to the experimental data is performed with tip radius R as the 
regression parameter. The indentations were made with the cube corner indenter up to 
very high depths hc ~ 150 nm. Fig. 2.10 shows both the indentation data and the curve-
fitted spherical-conical tip area. The equivalent tip radius R using this method was found 
to be 128 nm, which is higher that the usual tip radius of ~50 nm. This is because the 
particular indenter became blunted progressively as it was being used. Corresponding to 
this tip radius the depth of the spherical part ha was 40 nm as obtained from Eq. 2.33. We 
can also see the area calculated using an ideal cube corner indenter, 20c cA C h= , in Fig. 
2.10 which clearly shows that the actual area function is underestimated.  
Similar analysis could be performed on the Berkovich indenter to estimate the 
depth up to which the tip is spherical. A typical Berkovich tip has an equivalent spherical 
tip radius of approximately 100-200 nm. Even if the Berkovich tip has been used 
extensively, its tip radius can be conservatively estimated to be not higher than 250 nm. 
For a semi-vertical angle θ = 70.3o of an equivalent conical indenter with R = 250 nm, the 
depth of the spherical part, ha, is only 14.64 nm. It is difficult to estimate the tip radius by 
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the spherical-conical model as it is not possible to cause plastic deformation at such low 
contact depths using the Berkovich indenter.      
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Figure 2.10 Experimental and curve-fitted spherical-conical indenter tip area vs. contact 
depth for cube corner indenter on Fused quartz sample 
Thus, based on the above analysis, it is clear that all indenters will have some 
kind of blunting (rounding) associated with them. In order to reliably use the two-
indenter method, the indentations should be sufficiently deep so the effect of the tip 
blunting becomes negligible and the curvature estimated from the P-h curve. For the 
specific case of Ni-P indentation analysis as described in Sec. 2.5, it is clear that the 
mechanical property values at lower contact depths have been affected by the rounding of 
the indenters, which is causing the variation in the data in Figs. 2.8 and 2.9.  
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2.7. FEA Validation of “True” Mechanical Properties 
From Secs. 2.5 and 2.6 we can deduce that the effect of tip blunting is significant 
at lower contact depths but is negligible at higher contact depths. Thus, it is safe to 
assume that the properties obtained using the two-indenter method at the higher contact 
depths are more accurate. The nanoindentation P-h data obtained for the Berkovich case 
with applied maximum load of P = 3000 μN is shown in Fig. 2.11. The loading part of 
the data is curve-fitted as per P = Ch2 to obtain the curvature C and the curve-fitted data 
is shown in the figure. We observe that there is negligible difference in the loading part 
of the P-h nanoindentation data and the curve-fitted data. The slight difference can be 
attributed to the tip blunting. Also shown is the section of the unloading data from which 
the slope S = dP/dh is obtained and used in Eq. 2.27 to obtain the reduced elastic modulus 
Er. Similar curve fitting is performed to the loading part P-h nanoindentation curve 
obtained by using the Cube corner indenter at applied maximum load P = 900 μN to 
obtain curvature Cθ as seen in Fig. 2.12. Based on the above information, the “true” 
mechanical properties can be obtained by following the analysis in Sec. 2.5. For this 
particular case, which corresponds to the highest corresponding contact depths for both 
the Berkovich and Cube corner indenter experiments respectively, the properties were Er 
= 143 GPa, σY = 3.42 GPa and n = 0.08 (as also seen Figs. 2.7 and 2.8).  
Quasi-static axisymmetric finite element models to simulate the nanoindentation 
process using equivalent conical indenters for both Berkovich and Cube corner tips were 
created. The model was checked for accuracy and the mesh was also verified for 
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convergence. An analytical rigid surface was used to represent the section of the 
equivalent conical indenters since the indenter tips are much harder than the Ni-P 
material. The true stress-strain data obtained from the two indenter method was input for 
the material constitutive model. ABAQUS/Standard was used to perform the FEA 
simulations. The P-h curves obtained for both the simulations are also shown in Figs. 
2.11 (Berkovich) and 2.12 (Cube corner). The FEA P-h data for the Berkovich indenter 
in Fig. 2.8 is fairly accurately following the experimental curve validating the extracted 
mechanical properties of the Ni-P from the two indenter method. In Fig. 2.12, we can see 
that the FEA result does not capture the experimental curve from the Cube corner 
indenter very accurately. This is because the Cube corner indenter had tip rounding (as 
seen in Sec. 2.6) which affected contact depths up to 40 nm. Because of this tip blunting 
effect, the loading curvature Cθ obtained through the curve-fitting using P = Cθ h2 does 
not fit well with the experimental data. However, the FEA data follows the loading curve-
fitted data well validating the properties obtained through the two indenter method. A 
more accurate analysis can be obtained by using a relatively newer Cube corner tip whose 
tip radius is usually around R ~ 40 nm; thus the tip blunting effect will be felt only up to a 
hc ~ 15 nm 
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Figure 2.11 Experimental and FEA Load P vs. Displacement h data for Ni-P using 
Berkovich tip 
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Figure 2.12 Experimental and FEA Load P vs. Displacement h data for Ni-P using Cube 
corner tip 
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2.8. Summary 
The method of extraction of reduced elastic modulus Er and hardness H from the 
multilayer thin-film disk was shown. For the top thin films requiring shallow indentation 
a correction to the O-P method proposed by Yeo and Polycarpou (2007) was used to 
obtain the correct H. The conventional O-P method was used to obtain properties of thin-
films present closer to the substrate. 
 A dimensional analysis-based two indenter method to obtain the true mechanical 
properties from nanoindentation data was implemented for the Ni-P film found in 
magnetic storage hard disk drives. This method enables us to obtain the yield strength 
and strain hardening exponent along with the elastic modulus directly. These values were 
compared to the mechanical properties obtained using the commonly used Oliver-Pharr 
(O-P) technique. It was found that the reduced elastic modulus estimated was similar for 
both methods. However, the yield strength obtained from O-P method is 2.76 GPa (while 
the strain hardening exponent cannot be obtained) and by using the two indenter method 
the yield strength was higher at 3.42 GPa and strain hardening exponent is 0.08. The 
properties obtained using the latter method was validated using FEA simulations. 
Though the two indenter method is relatively simple and attractive, it was found 
to work reliably only for deep indentations. This is because at shallow indentations the 
effect of the tip blunting of the indenters used becomes prominent. This will affect the 
results since the current method was formulated for sharp indentations. This means that 
this method cannot be used to obtain mechanical properties reliably for very thin 
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nanometer scale films unless the indenter is extremely sharp. Nevertheless, for relatively 
thick films, this method can be used to determine the mechanical properties using 
nanoindentation which requires minimal sample preparation. 
In this chapter, a dimensional analysis based method was implemented to obtain 
the “true” thin film properties needed to determine the constitutive stress-strain behavior 
of thin-films. However, due to problems associated with tip blunting on indenters it was 
determined that this method will work well only for fairly thicker films as it was 
demonstrated for a 10 μm Ni-P film. However if sharper indenters can be used, this 
method can be extended to nanoscale thin-films also. However, in this work to obtain the 
mechanical properties of the nanoscale multilayer thin-films used in magnetic storage 
disks, the O-P method and the corrected O-P method were used and Tabor’s empirical 
relationship was used to obtain the plastic yield strength from the hardness measurements.  
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3. Contact Mechanics-based Elastic-Plastic Spherical Impact 
Model for Multi-layered Thin Film Structure 
3.1. Introduction 
The ever-increasing demand for higher magnetic recording areal densities in Hard 
Disk Drives (HDDs) requires reductions in head-media spacing. HDDs have found 
increased usage in mobile applications and consumer electronics coupled with the 
requirement of reliable performance under demanding operating conditions.  Thus, there 
is an increased chance of head-disk contact during operation which could result in data 
erasures (Suk et al. 2000) or disk damage, rendering the HDD inoperable.  During the 
operation of a HDD, due to non-zero pitch static attitude and roll static attitude, usually 
one corner of the slider hits the disk first (Fu & Bogy 2000). This was experimentally 
observed during slider-disk contact in dynamic load/unload process (Liu & Ma 2003). 
The contact force of a slider impacting a disk was determined using acoustic emission 
and laser doppler vibrometry techniques (Knigge & Talke 2000), but the impact damage 
was not directly characterized. There is a need for an analysis tool which can model 
impact damage during operational shock of HDDs to aid in improving the shock 
resistance of head-disk interfaces (HDIs). 
The mass and size of the impacting slider is significantly smaller than that of the 
disk, therefore the contact between the slider corner (which is associated with some 
rounding) and the disk could be treated as a sphere impacting a half space.  Few works 
have been done to predict the mechanical response in slider-disk impacts, e.g., (Fu & 
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Bogy 2000; Suk & Gillis 1998). Suk and Gillis (1998) showed that slider corners have 
certain radii of curvature, which can be artificially increased to alleviate contact stress 
and damage.  Research on slider-disk impact mechanical response published to-date only 
dealt with impact of perfectly elastic materials.  The Greenwood and Williamson 
statistical multi-asperity model (Greenwood & Williamson 1966) was used to estimate 
the contact force during slider-disk elastic impact (Leo & Sinclair 1991). Also, a purely 
elastic impact model was proposed based on Hertzian contact mechanics to estimate 
critical contact parameters such as penetration, contact radius, impact duration, mean and 
maximum contact pressures (Yu et al. 2008).  The model also provides an approximate 
solution to the flash temperature occurring during slider-disk impacts.  Since only elastic 
impact was considered, the above mentioned model is only applicable to low impact 
velocities which only cause elastic or elastically contained plastic deformation of the 
media.  The aforementioned model only considers the effect of a single layer on a 
substrate and the effect of realistic multi layers on the substrate was not investigated.   
In this work we propose a model that predicts the impact contact parameters 
accounting for plastic deformation.  The mechanical properties of actual thin-film layers 
were measured using the nanoindentation technique (Oliver & Pharr 1992). This 
technique is particularly attractive since it can be used to measure thin-film material 
properties on multi-layered surfaces without the need of separating and examining each 
layer individually. A specially designed nanoindentation system which works reliably at 
shallow indentation depths was used to obtain hardness and elastic modulus from sub-10-
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nm depths to higher depths close to ~200 nm covering the range of the different thin-film 
layers (Yu et al. 2005; Lee et al. 2007). The measured mechanical properties were used in 
the impact model to obtain the contact parameters.  An operational shock tester which 
allows for the testing of an actual head-slider assembly impacting a spinning thin-film 
disk was used to perform slider-disk impact experiments in an attempt to characterize 
realistic impact damage and correlate with the model. Also, controlled nanoindentation 
experiments were performed on actual thin-film media to extract the maximum 
penetration, residual penetration and contact force to correlate with the contact 
mechanics-based impact model. 
3.2. Dynamic Impact Model 
When a slider corner impacts a spinning disk, there is a normal velocity 
component due to the normal motion of the slider, and a lateral velocity component due 
to the disk rotation. Thus the impact between the sphere (which represents the slider 
corner) and the semi-infinite medium (which represents the disk) is oblique.  In an 
oblique impact situation, the normal motion is mainly determined by the normal impact 
velocity and the effect of tangential tractions is negligible when the coefficient of friction 
is less than 0.3 (Maw et al. 1976; Johnson 1985). Therefore in this work, the lateral 
velocity is neglected, effectively making it a normal impact analysis. 
The only forces considered were contact forces arising from the impact. At such 
high velocities, adhesion forces and damping effects are negligible (Yu et al. 2008). The 
impact contact motion in the normal direction can be described by 
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( ) ( ); 0 0, (0) ym P Vδ δ δ δ= − = =             (3.1) 
where all symbols are explained in the nomenclature. The primary focus of this work was 
on the contact damage that occurs due to impact and the mechanical contact damage 
parameters considered are contact penetration, contact pressure and contact area. This 
impact contact model can be used for example in a dynamic air bearing model (Zeng & 
Bogy 2002) where it could be “activated” once contact occurs to more effectively predict 
the slider dynamics and impact contact-induced damage.   
An elastic perfectly plastic constitutive model of a rigid sphere in normal contact 
with a deformable semi-infinite medium proposed by Komvopoulos and Ye 
(Komvopoulos & Ye 2001) was used as a constitutive model for the contact. Initially a 
homogeneous disk was considered and the model was later extended to include the effect 
of the layers on the homogeneous disk (thin-film magnetic disk). The slider which is 
made out of Al2O3-TiC is much harder than the disk and hence modeled as a rigid sphere. 
The disk is modeled as a deformable body with a reduced elastic modulus Er which is 
obtained from the elastic properties of the two contacting materials. 
3.3. Elastic-Plastic Contact Model 
Hertz developed the classical theory of elastic contact between frictionless elastic 
bodies, which is quasi-static in nature. The force-displacement relationship is well 
established for purely elastic contact through Hertz contact theory, and for fully plastic 
contact, where the mean contact pressure is equal to the material hardness (Johnson 1985).  
A common situation is when contact exceeds the elastic limit and the material yields 
plastically just below the surface but is contained elastically.  As the contact severity 
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increases, the plastic yield zone increases in size and moves to the surface.  This 
intermediate contact behavior is termed elastic-plastic contact.  To accurately determine 
the contact force between two approaching bodies where the approach exceeds the elastic 
deformation limit, the elastic-plastic contact behavior should be accounted for in the 
analysis.  There is a lot of work in the literature dealing with the modeling of elastic-
plastic contact of a deformable sphere with a rigid flat using FEA (Kogut & Etsion 2002; 
Jackson & Green 2005). However a contact model for a rigid sphere contacting a 
deformable half-space is needed. Mesarovic and Fleck (Mesarovic & Fleck 1999) 
analyzed the contact of rigid spherical indenter on a homogeneous elastic-plastic solid 
using FEA but did not provide a constitutive model for the contact. A constitutive model 
for this kind of contact was proposed by Komvopoulos and Ye based on FEA.  In this 
model, the mean contact pressure pm, and the real contact area a, were obtained in terms 
of the penetration depth δ. The FEA contact results were curve-fitted to obtain the 
following constitutive relations. 
For purely elastic penetration, 1.78ε <  
4 2 ; 2
3
m t
Y
p a
a
εσ π= =              (3.2) 
For elastic-plastic penetration, 1.78 21ε≤ <  
( ) ( ) ( )20.70ln 0.66 ; 0.05 ln 0.57 ln 2.41m t
Y
p a
a
ε ε εσ ⎡ ⎤= + = − +⎣ ⎦       (3.3) 
For fully plastic penetration, 21 400ε≤ ≤  
( ) ( )22.9 ; 0.05 ln 0.57 ln 2.41m t
Y
p a
a
ε εσ ⎡ ⎤= = − +⎣ ⎦          (3.4) 
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For fully plastic penetration, 400 ε<  
2.9 ; 0.71m t
Y
p a
aσ = =             (3.5) 
In the above constitutive relations representative strain ( )2
r
Y
E
R
δε σ δ δ= − , Yσ  is the 
yield strength and at is the truncated contact area. The mean contact pressure pm and real 
contact area a (functions of penetration depth δ) are determined from Eqs. (3.2)-(3.5), 
and the ordinary differential equation for impact becomes 
( ) ( ) ( )
0,
m
y
m P p a
V
δ δ δ δ
δ δ
= − = −
= =

             (3.6) 
 
3.4. Impact on Homogeneous Media 
Equation (3.6) was solved numerically to obtain the penetration depth δ. The 
slider was treated as homogeneous Al2O3-TiC (AlTiC), although it is usually covered by 
a thin (2-5 nm) diamond-like carbon (DLC) layer.  The material properties used are listed 
in Table 3.1. For the homogeneous media, only the substrate of the magnetic disk which 
is glass-based is used. The material properties for the substrate were obtained through 
nanoindentation experiments. Since AlTiC is much stiffer than the disk, a reduced elastic 
modulus Er can be obtained for the disk assuming AlTiC as rigid.  A typical numerical 
simulation of the impact model is performed as follows: 
Step-1: Numerically solve the differential Eq. (3.6) with the given initial 
conditions ( )0 0, (0) yVδ δ= = . At the current time-step i, current depth iδ  is calculated 
using an explicit numerical integration scheme like the Runge-Kutta method. 
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Step-2: Depending on the radius of curvature R and iδ  the representative strain ε  is 
calculated. Depending on its value, the right hand side (RHS) parameters of Eq. (3.6), pm 
and a, are obtained from one of Eqs. 3.2 to 3.5. For purely elastic contact the RHS is 
obtained from Eq. 3.2 only. 
Step-3: Repeat Steps 1 and 2 by stepping ahead in time using the explicit time integrating 
scheme until the RHS of the differential equation becomes 0; i.e. the sphere is no longer 
in contact with the half-space. 
 The results for a typical slider impacting a homogeneous glass-based disk with a 
normal impact velocity Vy = 0.1 m/s are plotted in Fig. 3.1. It is seen that as the slider 
corner radius decreases, penetration depth and impact duration increase.  As the 
penetration depth increases, the representative strain ε also increases.  For the cases 
where the slider corner radius is 1 μm and 10 μm, the maximum δ obtained from the 
elastic-plastic model is 0.78 μm and 0.35 μm, respectively (ε for these cases is 27.5 and 
4.6 respectively).  Referring to the elastic-plastic contact model (i.e., Eqs. (3.2)-(3.5)), the 
contact is elastic when ε < 1.78.  This shows that a pure elastic model is not applicable 
beyond this ε value, and it is evident from Fig. 3.1 where the pure elastic contact 
solutions underestimate the penetration depth.  When the slider corner radius is 50 μm, ε 
corresponding to the maximum δ is 1.66.  In this case Fig. 3.1 shows that the solutions 
from both models are the same since the impact is purely elastic.  For high impact 
situations which result in plastic or elastically contained plastic deformation, the elastic 
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impact model as discussed in (Yu et al. 2008) is inaccurate whereas the current elastic-
plastic model provides a more accurate estimate of the impact contact parameters. 
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Figure 3.1 Comparison between elastic and elastic-plastic models.  Penetration of slider 
corner into glass disk during impact (Vy = 0.1 m/s) (Table 3.1 material properties) Elastic 
model clearly underestimates impact damage 
Table 3.1 Material Properties 
 E (GPa) ν σY (GPa) 
Glass-
based disk 100 0.23 2.41 
Al2O3-TiC 
slider 390 0.22 - 
 
In what follows, we concentrate on the maximum values from the impact 
simulations which allow us to focus on impact-induced damage.  Specifically, simulation 
results showing maximum values for δ and pm for the contact between homogeneous 
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glass disk and spherical slider were obtained.  The results for radii of curvature ranging 
from 1 μm to 10 μm (representing realistic slider corner radii) and high impact velocities 
from 0.1 to 1 m/s (that are known to cause media damage) are plotted in Fig. 3.2.  
Additional contact parameters such as maximum contact force, maximum contact radius, 
maximum contact pressure and duration of impact can also be obtained, as seen in Fig. 
3.3.  The lower the values of the aforementioned contact parameters, with the exception 
of contact duration, the lower the chances of disk impact-induced damage. 
Figure 3.2(a) depicts the maximum penetration values for the chosen parametric 
range of impact velocities and corner radii of curvature, ranging from 0.2 μm to tens of 
microns. Reduction in the penetration during impact is achieved either by decreasing 
impact velocity (less shock severity) or increasing the corner radii through manufacturing 
processes. The dependence of maximum δ on the corner radii R is small at lower impact 
velocities (up to 0.5 m/s). At higher velocities (greater than 0.5 m/s), the contact radius r 
affects the maximum δ values greatly. Figure 3.2(b) shows the dependence of pm on 
impact velocity and slider corner radius. pm decreases with increasing slider corner radius 
and decreasing Vy.  Note that in Fig. 3.2(b), the 7 GPa contour line is not smooth because 
of the limit in the resolution of the parametric points chosen.   
The parameter pm is related to the plastic deformation of the disk, which amounts 
to permanent damage.  For a Hertzian type contact, the maximum shear stress occurs just 
below the surface on the axis of revolution (Maw et al. 1976).  By applying the Tresca 
yield criterion, the value of pm when the material just yields is given by 
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1.07m Yp σ≈               (3.7) 
where σY denotes the yield strength in simple tension or compression.  Equation (3.7) 
denotes the elastic limit of a material, the point of first yield hidden under the surface 
obtained due to normal contact pressure.  As explained in Sec. 3.2, the yielding process 
would be similar for contacts with small tangential tractions.  After the point of first yield 
the Hertzian contact theory is not applicable, and constitutive relations based on finite 
element analysis such as Eqs. (3.2) - (3.5) need to be adopted.  Permanent plastic 
deformation of the material which is due to the yielding of the material, whether it is on 
or beneath the surface, results in disk damage.  If the yield zone is beneath the surface 
and is well contained by the elastic zone, it might appear that that the disk might not have 
incurred physical damage, but there is a possibility of thermally or magnetically induced 
data erasures (Suk et al. 2000).  A conservative criterion would be to design a HDI such 
that the elastic limit is not exceeded. However due to the modern construction of the 
HDD, the height between the slider and the disk is much lower, which means that the 
probability of contact is much higher. Hence current HDIs should be designed so that 
they can withstand intermittent operational-shock or contact without any permanent 
damage to the magnetic disk. 
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Figure 3.2 Impact contact parameters at various impact velocities and slider corner radii 
(Table 1): (a) maximum penetration, (b) maximum mean contact pressure. At higher 
velocities contact parameters are greatly influenced by corner radii 
(a) 
(b) 
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Figure 3.3 (contd. on next page) 
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Figure 3.3 Additional impact contact parameters at various impact velocities and slider 
corner radii (Table 1): (a) maximum force, (b) maximum contact radius, (c) maximum 
contact pressure, (d) duration of contact. 
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3.5. Effect of Layered Media on Impact Mechanical Response  
 Currently used thin-film magnetic media contain multiple layers on a glass or 
aluminum substrate.  In order to model the effect of a single thin-film on a substrate an 
equivalent elastic modulus Eer was used in an elastic contact model (King 1987).  This 
method accounts only for a single layer on a substrate.  Yu (Yu 2005) made 
approximations to determine an appropriate single-layer-substrate representation for thin-
film magnetic disks, which usually have three to five layers on top of the disk substrate.  
This is a first approximation in dealing with multi-layered disk configurations. A more 
accurate representation of the media layers is required to obtain an accurate determination 
of the impact contact parameters. 
Nanoindentation is an experimental technique based on material resistance to 
permanent plastic deformation and is similar to conventional hardness testing. The 
reduced elastic modulus Er and hardness H of actual thin-film magnetic media were 
determined using the nanoindentation technique (Oliver & Pharr 1992) which can 
measure properties at very shallow indentation depths.  A specially designed 
nanoindenting transducer (Yu et al. 2005) that is attached to a standard multimode 
Atomic Force Microscope (AFM) was used to perform the nanoindentation experiments 
at sub-10-nm shallow indentation depths. More details about the method of mechanical 
property determination of the multilayer thin-film using nanoindentation are provided in 
Chapter 2.  Note that contact depth δc reported in nanoindentation experiments is 
different than in-situ penetration depth δ and takes a value that is between the maximum 
 
 
 
 
 
 
 
63 
δ and the residual depth δr.  Though δ and δc are different in definition, their practical 
difference is small in magnitude.  The difference depends on the material characteristics 
and is slightly different if the material is ductile and negligible when brittle.  Owing to 
this negligible difference, in this work it was assumed that the contact depth δc is equal to 
the penetration depth δ.  
As we obtain realistic material properties that change with penetration depth (Fig. 
7.4), they are used in the impact model.  To be readily used in the impact contact model 
the nanoindentation data is curve-fitted with linear regression models as functions of δ.  
Thus the equivalent effective elastic modulus Eer(δ) instead of Er and equivalent effective 
yield strength σY,e(δ) instead of σY are used. Notice that σY,e(δ) is obtained from H(δ) 
through Tabor’s empirical relationship (Tabor 1951) that the hardness of a metal is 2.9 
times its yield strength.  It is assumed that the thin-film layers also follow this 
relationship.   
Figure 3.4(a) shows a comparison between the penetration, δ of homogeneous 
glass and glass-based thin-film media for a slider corner radius R = 10 μm and an impact 
velocity Vy = 0.1 m/s. There is very little observable difference in the penetration values 
of the two cases.  This is due to the fact that the impact is primarily dominated by the 
substrate, since most of the penetration is well into the glass substrate.  To demonstrate 
the effect of thin-film layers on the impact, a simulation at a lower Vy of 0.01 m/s is 
shown in Fig. 3.4(b) for the same R = 10 μm.  In this case, we can clearly notice that δ is 
lower for the thin-film disk as expected, since the layers are stiffer than the underlying 
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substrate.  In this case δ is well within the range of the top layers (which are about 160 
nm, below which glass-based substrate exists), and there is a 9% reduction in δ.  
Consequently, other contact parameters are also affected.  The corresponding maximum 
pm values for the pure glass and thin-film media is 2.52 GPa and 3.01 GPa respectively.  
This shows a difference of 19.5 % in the maximum pm values (i.e., pm is more sensitive 
than δ with a change in the material properties).  
Parametric plots of maximum δ and maximum pm for homogeneous glass-based 
disk, low Vy range (0.01-0.1 m/s) and R from 1-10 μm are shown in Figs. 3.5(a) and 
3.5(c).  Contour plots were generated for the glass-based thin-film layered disk for the 
same parametric range and the corresponding maximum δ and maximum pm plots are 
shown in Figs. 3.5(b) and 3.5(d).  At these parametric ranges which result in low 
penetrations, the glass substrate-based thin-film multilayer disk shows slightly lower 
penetration values than the corresponding values from homogeneous glass-based disk. 
However, when δ increases, the effect of the substrate (glass) becomes more prominent 
and the penetration values are not considerably affected by the layers.  The effect of thin-
film layers over glass-based disk is clearly observed by comparing pm in Fig. 3.5(c) and 
Fig. 3.5(d).  It is seen that the multilayer thin-film disk has higher pm than homogeneous 
glass-based substrate, since the elastic modulus and yield strength of the thin-film are 
higher in this range.  Note that higher pm on thin-film media implies higher stiffness of 
the material, but should not be construed as more damage to the disk due to yielding 
below the surface, since the yield strength is also correspondingly higher. From the 
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mechanical properties observed in Fig. 2.4, we have seen that the top thin-films are much 
stiffer than the glass-based substrate. The elastic modulus is reducing as the contact depth 
is increasing implying the stiffness is reducing with contact depth. Similarly, the hardness 
in Fig. 7.4(b) is highest for top DLC layer but has an undulating profile for increasing 
contact depth. But even the lowest hardness among the thin-films which is the magnetic 
layer is 7.5 GPa, thus correspondingly the σY is 7.5/2.8 = 2.59 GPa, which is still higher 
than the σY of the glass-substrate which is 2.41 GPa. Thus owing to the higher stiffness of 
the thin-film layers, to obtain a certain δ, a higher contact load is required, which means 
the applied contact pressure pm will be higher. However, since the hardness is also 
relatively higher, the materials will not yield plastically as easily as the substrate will.  
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Figure 3.4 Comparison of penetration depths of homogeneous disk and thin-film disk, 
R=10 μm: (a) high impact velocity, Vy=0.1 m/s, (b) low impact velocity, Vy=0.01 m/s 
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Figure 3.5 Comparison of impact contact parameters for homogeneous and thin-film 
media: (a) max. δ, homogeneous, (b) max. δ, thin-film, (c) max. pm, homogeneous, (d) 
max. pm, thin-film 
3.6. Experimental Verification 
3.6.1 Operational Shock Impact Experiments 
To replicate the actual impact process in HDDs an experimental set-up was 
utilized which can perform operational shock experiments with a spinning thin-film 
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magnetic disk and a single head-gimbal-assembly (HGA) with a slider, as shown 
schematically in Fig. 3.6. The disk and HGA are mounted on a fixture, which is in turn 
attached to the top of a moving support structure. The fixture on the moving support is 
designed in such a way that it simulates the conditions in an actual HDI with the HGA in 
the “up” configuration (slider flies beneath the rotating disk). The moving support can be 
moved up along the guide rails and dropped from a desired height onto the fixed support 
below imparting impact shock to the disk-HGA on the moving support.  The disk which 
measures 2.5 inches in diameter is typical of a HDD used for notebook computers and 
can be rotated using a DC drive motor at a speed of 5400 RPM.  The HGA is initially 
mounted onto a ramp, which guides the slider end of the HGA underneath the disk.  A 
picture of the HGA flying under a spinning disk is shown in Fig. 3.7. The spinning disk 
shown in Fig. 3.7 is not a real magnetic disk, but a transparent disk to depict the set-up 
clearly. The corner radius of the slider was measured and found to be 5 μm. Note, 
however that in general the radius of curvature could vary from about 1 μm to 10 μm, 
depending on the manufacturing process (Polycarpou et al. 2003).  Once the disk starts 
spinning, the HGA is moved through the ramp to the desired radial location below the 
disk using a controlled arm so that it can fly beneath the disk.  The HGA is moved into 
place under the disk only after the disk starts spinning otherwise the slider tends to stick 
to the stationary disk due to adhesion.  The linear disk velocity at the radial distance 
where the slider is flying beneath the disk is 8 m/s.  An accelerometer is attached to the 
set-up to measure the magnitude of the impact acceleration and pulse duration associated 
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with each impact experiment.  A high-speed motion camera (Vision Research Phantom 7) 
was positioned at the bottom of the drop so that the impact of the slider and disk was 
captured at a rate of 52,000 frames per second.  The accelerometer triggers the camera, 
which is equipped with a high-performance Leica lens, to capture the slider-disk impact.  
A typical image of the slider flying the disk as seen through the camera is shown in Fig. 
3.8. The captured videos were then digitally analyzed to determine the normal impact 
velocity (Vy) with which the slider edge impacts the moving disk.  For this purpose, a 
commercially available motion analysis software called TEMA by Image Systems was 
used to track the edge of the slider as it was impacting the disk.  Only the primary (first) 
impact case was analyzed, as the primary impacts cause most of the damage during op-
shock. Since most of the shock was absorbed by the HDI on first impact, the secondary 
impacts which also occur at higher impact intensities were found to be of lower 
magnitude.  
 
 
 
 
 
 
 
70 
 
Figure 3.6 Schematic of operational shock (op-shock) tester used for performing impact 
experiments 
Transparent disk
HGA with Slider
Loading Ramp
 
Figure 3.7 Picture of the HGA and spinning disk set-up on the moving support 
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Rotating Disk Slider reflection 
(trace)
Slider (trace)
 
Figure 3.8 An image of the slider flying under the spinning disk with the slider’s 
reflection seen on the disk 
Another aspect of the experiment was to identify the impact-induced damage on 
the disk.  Since the disk is spinning during the experiment it was difficult to identify the 
exact location of the damage, and there was also a chance that particles were generated 
from the impact damage.  In order to reduce the region to be examined for the impact 
damage, when the slider was flying over the disk prior to the impact, a DC voltage was 
passed through the HGA so that magnetic orientation of the region of the disk over which 
the slider flies changed.  An Optical Surface Analyzer manufactured by KLA-Tencor was 
then employed to locate the damage on the disk using laser-based scanning.  The band 
(region) where the magnetic orientation has been changed was examined, since the 
impact occurred in this region. 
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Once the impact damage was identified, a mark was scribed near the damaged 
region which enables easy identification of the damaged region for further 
characterization. The impact induced damage area was then examined using an AFM.  
Typical AFM scan of an impact damage regions are shown in Figs. 3.9(a) and 3.10(a).  
The residual penetration depth δr in the damaged region is measured using a line scan as 
shown in Figs. 3.9(b) and 3.10(b).  Using the procedure outlined above one can obtain the 
normal velocity with which the slider impacts the disk and correlate it to the impact 
damage on the disk.  Figure 3.11 plots the residual depths for different impact velocities 
obtained by analyzing the experimental results. The data does not show clear trends, and 
it was suspected that the slider corner was not always impacting the disk first but other 
regions of the slider were also involved.  Another factor which could influence the 
experimental results is that the equivalent corner radius is not constant during the whole 
impact event.  This is especially true for higher impact velocities and penetration depths, 
where the equivalent slider corner radius increases as a function of the penetration depth 
(due to the slider corner geometry), in which case the impact damage would be reduced 
and the impact model would over-predict the maximum penetration. Note also that the 
model was only run for up to 1 m/s impact velocities for this reason.  At extreme Vy 
values, higher than 2 m/s, it was observed that the whole slider was impacting the disk 
simultaneously as opposed to only slider corner (sphere) impacting, which showed the 
imprint of the slider edges on the disk, thus the proposed spherical model would not be 
valid for such impacts.  Figure 3.12 shows an Optical Surface Analyzer image where high 
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impact velocity caused imprint of the slider edges on the disk.  Note that the dark band 
that is seen in this figure is the region where the magnetic orientation was changed for 
easy detection.  In this case the penetration depths were lower since the whole slider area 
was involved in the impact damage. 
 
 
40 μm 40 μm
0.2 μm
(a)
(b)
 
 
Figure 3.9 Typical impact damage measurement using AFM: (a) 3D AFM scan, (b) line 
scan of the damage shown in (a) to obtain residual penetration 
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60 μm
60 
μm
0.26 μm
(b)
(a)
 
Figure 3.10 Typical impact damage measurement using AFM: (a) 3D AFM scan, (b) line 
scan of the damage shown in (a) to obtain residual penetration 
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Figure 3.11 Residual penetration depths from operational shock experiments obtained by 
AFM measurements 
  
Figure 3.12 Imprint of slider (shown with white contrast marks) on magnetic disk for 
very high velocity impact (dark band is the region where magnetic orientation was 
changed to easily identify region of impact damage) 
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Using the above experimental technique an attempt was also made to correlate the 
impacting acceleration, referred to as “g-force” with impact velocity, as shown in Fig. 
3.13. The region where impact damage could be characterized is where the impact 
velocities were at least 0.8 m/s. Correspondingly, the g-force levels were also greater than 
350 g. There were some cases that resulted in higher velocities for lower g-levels. This 
could be attributed to the slight changes in the experimental set-up configuration 
occurring due the repeated shock events. Even though g-force is routinely used in HDD 
specifications, the experiments show that the impact damage cannot be directly correlated 
to g-force since it varies depending on the conditions of the impact.  It is proposed that a 
better parameter to use in characterizing impact damage would be slider impact velocity 
as it directly correlates to media damage. A damage map was created showing the regions 
where distinguishable impact damage could be observed and is shown in Fig. 3.13.  
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Figure 3.13 Impact acceleration, designated as “g-Force” (left Y-axis) and residual 
penetration depth, δr (right Y-axis) versus impact velocity (X-axis) measurements from 
op-shock experiments 
In summary, the op-shock experiments conducted under realistic slider 
operational shock conditions could not provide specific information to directly 
compare/validate the contact mechanics-based impact model.  Nevertheless, they still 
provide useful insight into the slider-disk dynamics and the resulting damage of the HDI.  
Better controlled quasi-static nanoindentation experiments, where a spherical indenter is 
pushed into a material to obtain the in-situ load-displacement relationship could readily 
be performed.  Such experiments, unlike dynamic operational shock experiments reported 
above, are quasi-static in nature, but could enable a direct comparison with the impact 
model. The original experimental idea was to use spherical balls of various radii of 
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curvature made of AlTiC material and drop them on both spinning and stationary 
magnetic disks. Based on the drop height the velocity of impact could be determined.  
However, these experiments were deemed impractical due to following reasons: 
1. It is practically infeasible to manufacture spherical balls of sizes ranging from 1 μm to 
10 μm. However, the experiments could be performed on spherical balls of larger sizes 
for model verification. 
2. In the impact model, the weight of the slider was lumped into the sphere. This means 
that the mass of the sphere representing the slider will be constant. However, it is not 
possible to fabricate spherical balls made of AlTiC which have the same mass though 
they are of different radii. 
Hence due to the above reasons, actual ball impact experiments were infeasible.    
3.6.2 Nanoindentation Experiments for Impact Model Validation 
In the impact model, mechanical damage occurs due to the penetration of the 
sphere (slider corner) into the disk.  Nanoindentation is a similar process where a rigid 
spherical tip is pushed to penetrate (indent) a sample.  Nanoindentation is a standard 
technique and offers better control on the parameters to be tested with relative ease and 
reliability.  Another attractive aspect of this technique is that both the maximum and 
residual penetrations are measured during the experiments, which provide an estimate of 
the elastic unloading involved.  Note that the impact model only provides an estimate of 
the maximum (in-situ) penetration depth, whereas in the realistic impact damage 
experiments reported above, the damage characterized (δ, a etc.) are in terms of the 
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residual values only.  Thus, we need to obtain an estimate of the elastic unloading 
involved to correlate the experiments with the impact model.  However caution has to be 
exercised in directly comparing the nanoindentation results to the impact model results 
since the impact model is a dynamic model which accounts for the inertia effects whereas 
nanoindentation is a quasi-static experiment.  Strain (or work) hardening effects of some 
of the layers involved can also be another factor that could result in observed differences 
in the impact model results and the nanoindentation results. The impact model does not 
account for strain hardening effect, which may be present in some of the thin-film layers.  
Even though nanoindentation is not a dynamic experiment, it was expected to show 
whether the results were of similar magnitude as predicted by the contact mechanics-
based impact model.   
A hard conospherical indenter with a spherical tip radius of 1 μm was used to 
indent the disk up to a certain depth.  Load-displacement curves were obtained as a 
function of approach.  Figure 3.14 depicts a typical load-displacement curve with a 
maximum contact load Pmax of 3 mN.  Based on these plots, the maximum and residual 
penetration depths on the media are obtained for a given Pmax, and the results are 
summarized in Table 3.2.  Three measurements were made for each Pmax and the depth 
measurements were averaged in Table 3.2. It was found that there was hardly any 
deviation on the depths obtained for an applied load. Due to the limitation on the 
maximum load that could be attained using the present nanoindentation system, a Pmax of 
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only 7 mN could be applied.  Note that the diamond indenter used in these experiments is 
significantly harder than the disk materials, thus could be effectively considered as rigid. 
The results from the contact mechanics-based impact model for a low velocity (up 
to 0.1 m/s) and low radii range (up to 2 μm) are shown in Fig 3.15 to clearly show trends 
of the parameters within the range of the nanoindentation experiments. Figure 3.15(a) 
shows a contour plot of maximum δ and Fig. 3.15(b) shows Pmax.  These figures were 
used to determine the maximum δ of the disk for a given corner radius R and maximum 
applied force Pmax.  For example, from Fig. 3.15(b) a contact force of 5 mN for a corner 
radius of 1 μm occurs when the impact velocity is 0.027 m/s.  The maximum δ for a Vy = 
0.027 m/s and R = 1 μm can be obtained from Fig. 3.15(a) and its value is 0.202 μm.  
Similarly the maximum δ for a given Pmax can be obtained from the impact model.  A 
comparison of the maximum δ for a given Pmax is shown in Table 3.3.  Comparing the 
experimental and modeled values, for a chosen Pmax, the δ values from the 
nanoindentation experiments are 15-20 % lower than the values from the impact model. 
This can be attributed to the fact that the impact model also includes dynamic effects, 
whereas the experiments were performed under quasi-static conditions.  
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Figure 3.14 Typical nanoindentation load-displacement data and related critical 
parameters 
Table 3.2 Nanoindentation experimental results 
Max. force 
(mN) 
Max. 
penetration (μm) 
Residual 
penetration (μm) 
3.00 0.106 0.034 
5.00 0.162 0.066 
7.00 0.214 0.101 
 
Table 3.3 Comparison between nanoindentation experiments and impact model 
Max. force 
(mN) 
Max. 
experimental 
penetration (μm) 
Max. model 
penetration (μm) % difference 
3.00 0.106 0.126 18.8 
5.00 0.162 0.202 24.4 
7.00 0.214 0.270 26.1 
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Figure 3.15 Impact contact parameters for thin-film disk at low velocity range for 
comparison with experiments: (a) maximum penetration, (b) maximum contact force. 
Pmax is 5 mN for R = 1 μm at Vy = 0.027 and corresponding max. δ = 0.202 μm 
(b) 
(a) 
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To differentiate between quasi-static and dynamic forces, a simple energy-balance 
analysis showing the relationship between static force and dynamic impact force is 
presented below to explain the differences observed between the nanoindentation 
experiments and impact model results.  Note that this analysis is not an attempt to 
quantitatively correlate the nanoindentation forces with the impact model forces but to 
differentiate them qualitatively. The kinetic energy from the sphere is equal to the energy 
transferred to the disk (which could result in purely elastic, elastic-plastic or plastic 
deformation of the disk depending on the impact velocity) during the impact process and 
can be represented by (Juvinall & Marshek 1991). 
2
0 0
1 . .
2 y eq
mV P d k d
δ δ
δ δ δ= =∫ ∫             (3.8) 
where Peq = kδ is the equivalent static force that would produce the same 
penetration δ due to the impact by a sphere and k is the stiffness of the disk material (for 
a chosen displacement, since k changes continuously owing to material non-linearity of 
disk material, and geometric nonlinearity of sphere in contact). The energy balance 
equation simplifies to  
2 21 1
2 2y
mV kδ=              (3.9) 
The “in-situ” stiffness could be obtained by dividing the force and static 
displacement obtained from the nanoindentation tests.  For P = 5 mN, the static 
displacement or maximum penetration is 0.162 nm (Table 3.2).  The stiffness k is 
calculated as  
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45 mN 3.1 10 N/m
0.162 μm
k = = ×          (3.10) 
The equivalent “in-situ” displacement for a body of stiffness k with a mass m and 
velocity Vy can be calculated by: 
( )( )
( )
6 22
4
1.59 10 0.025
0.18 μm
3.1 10
ymV
k
δ
−×= = =×        (3.11) 
The “in-situ” dynamic displacement of 0.18 μm obtained from Eq. (3.11) is 
higher than the static value of 0.162 μm due to the inertial effects, thus explaining why 
the nanoindentation data are lower than the dynamic impact model results.  Note that the 
penetration obtained from the impact contact model at Pmax = 5 mN and R = 1 μm is 
higher, i.e., 0.202 μm, which is due to the simplistic analysis presented in Eqs. (3.8)-
(3.11) that assumes a constant stiffness value, which is known to change with depth. 
3.7. Summary 
For a slider corner impacting a magnetic storage disk, an elastic-plastic contact 
mechanics-based spherical impact analysis model was developed to capture impact 
damage.  To be able to assess the severity of impact, contour plots of different contact 
parameters were generated for an impact velocity range of 0.1-1 m/s, and practical slider 
corner radii range of 1 to 10 μm. Based on the maximum values of the mean contact 
pressure, the range where elastic-plastic (light damage) or completely plastic (severe 
damage) could occur was identified.  To analyze the effect of layers on actual thin-film 
magnetic media, the impact model was developed such that it has the capability to 
include the effect of mechanical properties of the thin-film layers present over the 
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substrate.  Shallow nanoindentation experiments were performed to measure the elastic 
modulus and yield strength as a function of the penetration depth of the magnetic disk.  
For the range of high impact velocities (0.1-1 m/s), the layers were not found to 
significantly affect the mechanical response.  At a lower impact velocity of 0.01 m/s and 
corner radius of 10 μm, the effect of the layers was found to clearly affect the contact 
parameters.   
Realistic operational shock experiments were performed using actual HDIs (thin-
film media and HGA) to compare with the model predictions. The impact damage on the 
media was accurately quantified but could not be traced back to the exact feature on the 
slider involved in the impact.  Controllable nanoindentation experiments were performed 
on the thin-film media to obtain the damage caused by the indenter tip with a known 
radius.  The results from the nanoindentation experiments were compared to the impact 
model and it was found that there was a 15-20% difference in the values, which could be 
attributed to the fact that the nanoindentation experiments were quasi-static in nature. 
In the current impact model formulation, the spherical rebound also follows an 
elastic-plastic contact behavior which is not realistic. From a modeling perspective the 
emphasis of this chapter was on the maximum contact parameters, however for 
experimental comparison the current model could be extended such that during rebound 
only the contact is elastic. This can provide a reasonable estimate for the residual depth 
after impact. 
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4. CM-based Impact Model Validation using FEA and 
Coefficient of Restitution Model for Oblique Impact 
4.1. Introduction 
To model high intensity impacts in a magnetic storage HDI due to the slider 
corner where the contact is primarily plastic, a novel elastic-plastic contact mechanics-
based (CM) impact model was proposed in Chapter 3 to describe high velocity slider/disk 
impact which can cause permanent disk damage through plastic deformation.  The 
contact constitutive law was based on an FEA-based elastic-plastic contact model of a 
rigid sphere contacting a deformable half-space (Komvopoulos & Ye 2001). The CM-
based model can estimate the penetration depth and related contact parameters, but can 
not predict the extent of impact damage through energy dissipation that occurs due to the 
plastic deformation and internal friction losses. For this purpose an elastic-plastic 3-
dimensional finite element model of a rigid sphere obliquely impacting a deformable 
surface is developed in this chapter to model the impact of a slider corner and a rotating 
disk. 
The coefficient of restitution e is defined as the ratio of the rebound speed Vr to 
the approach speed Vi. A coefficient of restitution approach to investigate slider/disk 
impacts was investigated by Benson and Talke (Benson & Talke 1987), and Ponnaganti 
et al. (Ponnaganti et al. 1987).  e used in conjunction with dynamic models can predict 
the motion of impacting bodies after the impact (Adams 1992). Adams and Tran (Adams 
& Tran 1993) examined oblique impacts and showed that e should be selected based on 
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an effective approach velocity, which is a function of the actual approach velocity, 
coefficient of friction and location of impact point with respect to mass centers. e can 
provide an estimate of the amount of energy dissipation that occurs due to impact. The 
primary modes of energy loss during impact are through plastic deformation, internal 
friction and elastic stress wave propagation. For slider corner/disk impacts, the energy 
loss due to elastic stress wave propagation is negligible (Hunter 1957) and the impact 
could thus be described by Hertz quasi-static contact theory (Johnson 1985).   
For purely normal impact, several CM-based models have been proposed to 
characterize normal elastic-plastic impact (Tabor 1951; Goldsmith 1960; Ling 1992; 
Johnson 1985; Thornton 1997) and FEA-based coefficient of restitution solutions were 
also proposed by Zhang and Vu-Quoc (Zhang & Vu-Quoc 2002).  However, based on the 
available literature it is unclear as to which normal impact model is the most applicable 
for the practical velocity range of slider corner/disk impact. Also, a more accurate semi-
analytical model to estimate the normal impact COR was proposed in this work. This 
model uses an analytical solution to estimate the residual depth which was also proposed 
in this work.  A normal impact FEA model was used to assess the existing normal elastic-
plastic impact analytical models as well as the newly proposed models. Typical slider 
corner/disk impact is oblique in nature since the disk is rotating. A comprehensive 
analytical oblique impact model which accounts for elastic-plastic deformation is not 
available in the literature. However, for impacts involving gross sliding, a model based 
on equating impulse and momentum was proposed by Wu et al. (Wu et al. 2003).  Wu et 
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al. also examined elastic-plastic oblique impact of a sphere on a half-space using FEA but 
no direct comparison was made to the analytical model in the presence of plastic 
deformation.  In this work, a modification to the Wu et al. model is proposed to enable 
accurate prediction of the energy losses involved.  Based on this model, in conjunction 
with FEA, a thorough analysis of the coefficient of restitution during oblique elastic-
plastic impact was performed for a range of impact angles and velocities. Even though 
this research is focused on HDI impacts, it could readily be applied to other 
micromechanical systems where contact and impact is involved.    
4.2. Dynamic Finite Element Model 
Abaqus/Explicit is a finite element solver which utilizes explicit direct central 
difference integration scheme capable of solving high-speed dynamic problems (Abaqus 
Documentation, 2006), and was employed to perform the slider corner-disk impact 
analysis. The slider material is generally harder than the disk material, thus the slider 
corner was represented by a rigid sphere with mass equivalent to the slider mass.  The 
disk is represented by a deformable body mesh with a reduced elastic modulus Er, which 
is based on the elastic moduli of Al2O3-TiC slider and glass ceramic-based disk substrate 
(their material properties are shown in Table 3.1).  The finite element model consists of a 
rigid sphere, representing the rounded slider corner and a deformable block, representing 
the disk substrate, meshed with regular 8-node trilinear hexahedral elements as shown in 
Fig. 4.1. For the given degrees of freedom, hexahedral elements will provide more 
accurate results than tetrahedral elements and the contact algorithms in Abaqus work best 
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for hexahedral elements (Abaqus Documentation, 2006). Only half of the deformable 
disk was modeled and only half the slider’s actual mass was assigned to the sphere to 
take advantage of the symmetry in the x-y plane. The total number of elements in the 
model was 160,000 and the number of nodes was 176,842.  The largest dimension of the 
smallest elements used is 0.625 μm and these elements were concentrated in the region 
where the impact occurred. Since the impact could result in large deformation, the 
element sizes were carefully chosen so as to prevent their warping, thus avoiding 
erroneous results due to numerical errors. The mesh was biased so that the element size 
was gradually increased away from the region of interest.  
Three different sphere radii R were used, namely 10 μm, 25 μm and 50 μm, 
representing progressively more rounded slider corners.  The deformable body mesh 
dimensions were 250 × 156.25 × 187.5 μm, and were chosen such that the resulting stress 
field due to impact was well-contained, avoiding the effects of boundary conditions. The 
deformable body is constrained at the bottom to move vertically (y-direction) and 
horizontally on the right and left sides (x-direction). Symmetry boundary conditions were 
applied to the elements on the front (z-direction) since only half the body was modeled. 
The rigid sphere was constrained not to rotate in any direction and was provided with 
initial velocity in the vertical and horizontal directions so that it impacted the disk 
obliquely. A reduced integration hourglass control scheme was employed to take 
advantage of the savings in the computational time while maintaining the accuracy of the 
solution (Abaqus Documentation, 2006). Adaptive re-meshing was also enabled for the 
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top several layers of elements since impact might result in excessive distortion resulting 
in negative volumes of the elements leading to numerical integration errors. The mesh 
and element sizes were also investigated for convergence and it was ensured that the 
current finite element model configuration was optimized for the current analysis. 
 
Figure 4.1 Finite element model mesh used for the impact analysis; sphere radius R = 10 
μm 
At high impact velocities, where pure plastic deformation of the disk was 
observed, only the substrate was found to dominate the impact. The effect of thin-film 
layers present on the substrate was found to be negligible. The order of magnitude of the 
penetration depth caused by the impact is much higher than the thickness of the thin-film 
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layers on the substrate. Hence it was seen that the thin-film layers on the substrate did not 
influence the impact process at impact velocities greater than 0.1 m/s. Thus, it was not 
necessary to model the very thin top layers in the FEA impact analysis, which were 
neglected in this work. 
4.3. Normal and Oblique Elastic-Plastic Impact 
Using the present computational analysis, we can obtain critical contact 
parameters and stresses resulting from the slider corner-disk impact and compare them 
with the previously developed CM-based spherical impact model. During slider corner-
disk oblique impact, the normal velocity Vy is due to the shock imparted to the HDD 
where the slider lifts-off in the normal direction and comes back to hit the rotating disk 
(the air bearing pressurization is lost during such an impact event). The linear horizontal 
velocity Vx is due to the disk rotation and for typical HDD applications the disk rotates at 
speeds ranging from 5400 rpm to 15000 rpm. Hence in this work, Vx was maintained 
constant at 10 m/s since the shock event was not expected to alter the disk spinning 
velocity. Vy was varied from 0.1 - 1 m/s, which correspond to a range of severe op-shock 
intensities as the threshold to cause magnetic degradation of the disk is ~0.03 m/s (Yu et 
al. 2008). A Coulomb friction model was employed to account for the friction at the 
slider/disk interface.  The friction coefficient values μ chosen were 0.1, 0.2 and 0.3, 
which represent typical values for spherical contact (Kato et al. 2004).  The sphere 
(representing the slider corner) initially penetrates into the disk resulting in an increase in 
the size of the stress field. After the penetration reaches its maximum value the rigid 
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sphere rebounds from the disk surface due to the transfer of the elastic unloading energy 
from the deformable disk into unloading kinetic energy of rigid sphere. 
Figure 4.2 depicts the von Mises stress field during impact when the maximum 
contact stresses occur on the disk (Vy = 0.5 m/s and μ = 0.2).  Figure 4.2(a) shows the von 
Mises stress field with the sphere on the disk and Fig. 4.2(b) shows a magnified view of 
Fig. 4.2(a) with the sphere removed from view to clearly indicate the region affected by 
the impact. The irregularities in the stress gradients are due to the fact that the top few 
layers of the mesh are continuously being re-meshed such that some element dimensions 
will be changed to account for excessive deformation. 
To verify whether the postulated theory that the effect of tangential tractions on 
the normal motion of the sphere impacting a perfectly elastic semi-infinite half space is 
negligible when μ < 0.3 (Hamilton 1983) applies for elastic-plastic analysis, a set of 
normal impact simulations using the same finite element model were performed. In these 
simulations only Vy (0.1-1 m/s) was provided to the impacting rigid sphere. The 
maximum von Mises stress contour plot of the case when Vy = 0.5 m/s is shown in Fig. 
4.3. Figures 4.2(b) and 4.3(b) compare the stress profiles obtained from oblique and 
normal impact simulations, respectively. Examination of the stress profiles can provide 
an estimate of the damage to the disk and the effect of tangential tractions on the damage. 
It can be seen that in both cases, at maximum penetration, the disk material has yielded 
and plastic deformation has occurred. The area of the yield zone (within the red color) is 
similar in both cases. However in Fig. 4.3(b) we do notice that the stress contours, 
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including the yield zone, are trailing the sphere. This is in agreement with Hamilton’s 
theory that the stress contours trail the sliding body. The very long stress contour zone on 
the disk following the sphere is the residual stress field due to plastic yielding that 
occurred earlier when the sphere went over that region during the impact process. 
 
(a)
von Mises 
GPa
(b)
 
Figure 4.2 Oblique impact von Mises stress field for R = 10 μm, Vy = 0.5 m/s and Vx = 10 
m/s: (a) overall view (b) zoomed in view 
 
 
 
 
 
 
 
94 
(a)
von Mises
GPa
(b)
 
Figure 4.3 Normal impact von Mises stress field for R = 10 μm, Vy = 0.5 m/s: (a) overall 
view (b) zoomed in view 
To perform a direct comparison with the CM elastic-plastic impact model, two 
contact parameters were chosen for the analysis, namely maximum δ and maximum pm 
during the course of the impact. Using the CM-based model, for R = 10 μm and Vy = 0.5 
m/s, maximum δ  is ~1.4 μm and maximum pm is ~5.4 GPa as seen from Figs. 4.2(a) and 
4.2(b). The contour plots of maximum δ and maximum pm from the oblique impact FEA 
model are depicted in Figs. 4.4(a) and 4.4(b) and the corresponding cases from the 
normal impact FEA in Figs. 4.5(a) and 4.5(b). The maximum δ  for the oblique impact, 
Fig. 4.4(a), is 1.36 μm (which is encompassed by a blue contour line showing the 
envelope of δ being between 0.98 μm and 1.36 μm). Note that the numerically higher 
value from the displacement contour plot indicated as 1.63 μm (enveloped in a red 
contour line) is the material buildup occurring towards the leading side of the sphere. The 
penetrations on the contour plot are represented by a negative sign in the legend. The 
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maximum δ contour plot from the normal impact FEA case (Fig. 4.5(a)) shows that 
maximum δ = 1.33 μm (blue contour line), which is very close to the maximum δ 
obtained from the CM impact model and oblique impact FEA (Fig. 4.4(a)).  
The contact pressure distribution at the maximum impact penetration is compared 
for oblique and normal impacts in Figs. 4.4(b) and 4.5(b). For the oblique impact case, 
the red contour line shows the region where the maximum contact pressure is ranging 
from 5.63 to 6.43 GPa. The maximum pm is the average of the contact pressure within the 
red contour line i.e. 6.03 GPa. The CM impact model predicts a maximum pm = 5.4 GPa 
for the corresponding case. This difference can be attributed to the fact that the CM 
impact model neglects the effect of tangential tractions due to Vx, which can have an 
effect in slightly increasing the contact pressure. On examining the normal impact case, 
Fig. 4.5(b), the red contour line indicates that the maximum contact pressures are ranging 
from 5.29 to 6.09 GPa. The maximum pm in this case is 5.69 GPa, which is closer to the 
value from the CM impact model.  This is expected since the normal impact FEA model 
does not account for Vx.  
 
 
 
 
 
 
 
96 
Y-Disp
μm
(a)
Cont. Press
GPa
(b)
 
Figure 4.4 Oblique impact: contact parameters for R = 10 μm, Vy = 0.5 m/s and Vx = 10 
m/s: (a) displacement δ (designated as Y-Disp) (b) Contact pressure pm 
 
Y-Disp
μm
(a)
Cont. Press
GPa
(b)
 
Figure 4.5 Normal impact: contact parameters for R = 10 μm, Vy = 0.5 m/s:  (a) 
displacement δ (designated as Y-Disp) (b) Contact pressure pm 
Based on the above comparative study between normal and oblique impacts, it 
could be concluded that the effect of tangential tractions is such that it results in 11.67 % 
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difference for oblique impact FEA and 5.37 % for normal impact FEA, compared to the 
simplified CM-based (normal impact) model.  Fig. 4.6 plots the tangential surface 
traction (designated as CSHEAR1) contours when μ = 0.2 for both oblique impact, Fig. 
4.6(a), and normal impact, Fig. 4.6(b).  For oblique impact, the maximum surface traction 
is 1.28 GPa, which is the limiting value imposed by the product of friction coefficient and 
contact pressure, above which tangential slip (gross sliding) occurs.  For the normal 
impact case shown in Fig. 4.6(b), the surface traction value ranges from 0.86 GPa 
(trailing edge) to -0.90 GPa (leading edge), which clearly indicates that there is no 
microslip region since within the contact area the magnitude of the surface traction is less 
than the product of friction coefficient and normal contact pressure.  
GPa
(a)
GPa
(b)
 
Figure 4.6 Tangential surface traction: R = 10 μm, Vy = 0.5 m/s, μ = 0.2: (a) Oblique 
impact, (b) normal impact 
The maximum penetration obtained from the parametric study of Vy, R and μ is 
shown in Fig. 4.7. The figure also shows the maximum δ from the CM impact model. It 
is seen that the effect of the thin-film multilayers for the chosen levels of impact is 
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insignificant. At higher normal impact velocities, the normal impact FEA model slightly 
under-predicts the maximum δ as compared to the CM-based model results. Increasing 
friction increases the maximum δ albeit very slightly for a particular Vy. The oblique 
impact cases, which consider tangential tractions due to friction, do show a slight 
increase in maximum δ, but this increase is very small and thus compares favorably to the 
CM impact model. 
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Figure 4.7 Maximum penetration δ comparison for CM-based (normal), FEA normal, and 
FEA oblique impact models (R = 10 μm) 
4.4. Coefficient of Restitution for Oblique Elastic-Plastic Impact 
When a slider corner (rigid sphere) impacts the disk (deformable half-space), the 
kinetic energy from the slider is converted into elastic strain energy, plastic work on the 
disk, stress wave propagation, and internal friction energy losses. This is usually followed 
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by the restitution phase where the elastic strain energy from the disk is transmitted back 
into the slider corner as rebound or unloading kinetic energy of the slider. In the case of 
normal impact, the plastic work is manifested on the disk in the form of permanent plastic 
deformation or damage. In the case of operational shock, the impact between slider 
corner and disk is oblique in nature due to the rotation of the disk and in this case the 
primary energy loss would be plastic deformation and frictional loss. The coefficient of 
restitution e from slider/disk impact can provide a simple means of characterizing op-
shock related impact damage (assuming negligible energy loss due to elastic stress wave 
propagation), which could be useful in modeling energy dissipation during HDI impact.  
Oblique impact can be schematically represented as shown in Fig. 4.8. Vxi and Vyi 
are the x (horizontal or tangential) and y (normal) components of the approach velocity Vi. 
Similarly Vxr and Vyr are the x (tangential) and y (normal) components of the rebound 
velocity Vr. The overall coefficient of restitution e is the ratio of Vr and Vi and the 
tangential coefficient of restitution ex and normal coefficient of restitution ey are similarly 
defined as  
r
i
Ve
V
= ; ; yrxrx y
xi yi
VVe e
V V
= =            (4.1) 
Defining impact angle θ as the angle at which the sphere impacts the disk, Eq. (4.1) can 
be written as   
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2 2
2 2 2 2
2 2 2 2 cos sin/ cos / sin
yr xr
y x
yi xi
V Ve e e
V V
θ θθ θ= + = +              (4.2) 
Introducing the impulse ratio f as the ratio of the tangential to normal momentum  
( )
( )xr xi xr xiyr yiyr yi
m V V V Vf
V Vm V V
− −= = −−                                                           (4.3) 
then one can write an oblique impact model which expresses ex as a function of θ, ey, and  
f. 
( )1
1
tan
y
x
f e
e θ
+= −                  (4.4) 
x
y
θ
Vi
Vr
Vxi
Vyi Vyr
Vxr
 
Figure 4.8 Schematic of oblique impact process showing the different velocity 
components 
Gross sliding (tangential slip) occurs when the value of f exceeds the value of 
limiting friction μ. Thus when gross sliding occurs, f is constant and is replaced by μ. 
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Gross sliding usually occurs for high θ  values (as is the case in HDD slider corner-disk 
impact) and Eq. (4.4) simplifies to 
( )1
1
tan
y
x
e
e
μ
θ
+= −                    (4.5) 
In order to render Eq. (4.5) practical, ey has to be known in advance. For this 
purpose, the interaction between the contact pressure (related to ey) and tangential surface 
tractions (related to ex) need to be known.  However, based on the discussion in Sec. 4.3, 
the tangential tractions caused by Vx and μ have negligible influence on the contact 
pressure. Thus, for a chosen Vy, ey would remain approximately constant even if Vx and μ 
change within the chosen parametric range. Thus we can use ey estimated by a purely 
normal impact analytical model in Eq. (4.5) to predict ex.  
A model predicting ey for a given R and Vy  was sought to be adopted in this work 
and used in Eq. (4.5).  In the literature, several elastic-plastic normal impact analytical 
models have been proposed to predict ey, e.g., (Tabor 1951; Goldsmith 1960; Johnson 
1985; Ling 1992; Thornton 1997). However, on evaluation it was deduced that they 
differed greatly from each other.  In order to identify the most accurate model for this 
work, we compared the models in the literature to FEA normal impact simulation results 
performed within the scope of the slider corner-disk impact region (Sec. 4.3).  From these 
FEA simulations the normal rebound velocities Vyr corresponding to initial impact 
velocities Vyi were measured and ey was directly obtained.  
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The Johnson (1985), Tabor (1951) and Thornton (1997) normal impact analytical 
models were analyzed (formulation and brief discussion of these models is summarized 
in Appendix A) and plotted in Fig. 4.9 for a rigid sphere of R = 10 μm, Vyi range of 0.1-1 
m/s impacting a glass disk. The FEA simulation results are also plotted on the same 
figure and clearly the Thornton model predictions are in very close agreement with the 
FEA results.  Therefore, the Thornton model was adopted in this work to estimate ey to be 
used in Eq. (4.5) to predict ex for the oblique elastic-plastic impact.  However, later a 
more accurate semi-analytical model that can estimate ey was also developed which will 
be discussed in the next section. Note that this oblique impact model is only applicable 
when gross sliding occurs between the contacting bodies (which is the case for 
operational shock in hard disk drives). Based on Discrete Element Method (DEM) 
simulations it was estimated that sliding will occur during an impact using Eq. (4.6) 
(Thornton et al. 2001) 
( )1 72 yxi yyi
eV e
V
μ +⎛ ⎞≥ −⎜ ⎟⎝ ⎠                 (4.6) 
where ey is obtained using the most appropriate normal impact model.  
To examine e for generalized oblique elastic-plastic impacts for the whole range 
of impact angles (θ  from 0o to 90 o), Vx of the rigid sphere was varied from 0 to 10 m/s 
while Vy was kept constant at 1 m/s in the FEA model.  This range would ensure elastic-
plastic impact energy dissipation from primarily normal impacts (θ ~ 0 o) to primarily 
tangential impacts (θ ~ 90 o) in HDIs.  Figure 4.10 plots the variation of e, ex and ey with 
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θ  for the case when R = 10 μm and μ = 0.2. It can be seen that ey is increasing with θ as 
also reported by Wu et al. (Wu et al. 2003).  This means that the plastic deformation 
energy loss decreases with increasing θ even if Vy is constant. This is counter-intuitive 
and it could be attributed to the fact that during oblique impact, the contact plane in the 
FEA model was changing orientation where the Vyr is calculated based on this plane, 
resulting in unrealistic Vyr values of the sphere, thus resulting in exaggerated ey values. 
Thus, to overcome this issue, and to enable the analytical oblique impact model to 
provide the correct estimate of energy loss, ey obtained from pure normal impact model 
was used.  It can also be observed that e is dominated by ey at lower impact angles (θ < 
30 o) and by ex at higher impact angles (θ > 60 o).  
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Figure 4.9 Comparison of analytical normal impact models with FEA results for R = 10 
μm 
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Figure 4.10 Coefficient of restitution e and its components (ex, ey) as a function of impact 
angle θ (R = 10 μm, μ=0.2) 
Figures 4.11(a) and 4.11(b) show the variation of ex as a function of θ  when R = 
10 and 25 μm, respectively. The model was investigated for μ = 0.1, 0.2 and 0.3 to 
observe the effect of limiting friction on ex.  It is seen that as R increases, ex decreases for 
a given θ and μ since ey is increasing, indicating that overall energy losses will be lower.  
Also increasing μ results in decreasing ex, indicating that friction losses increase. Thus ex 
is influenced by frictional energy related losses, whereas ey is influenced by normal 
impact energy related plastic deformation losses. Comparison between ex obtained from 
ey determined by the analytical model (Eq. (A.26))  with the proposed modification and 
the one obtained from oblique elastic-plastic impact FEA simulations, where gross 
sliding occurs is shown in Fig. 4.12(a) and Fig. 4.12(b) for R = 25 and 50 μm, 
respectively. The modified analytical model captures the general trend of the variation of 
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ex with respect to θ  fairly well.  It is seen that as R increases, the discrepancy between the 
analytical model and the FEA results decreases. As R increases, the severity of the 
contact (impact) decreases and thus results in less plastic deformation. This is also 
evident from the fact that ex values are lower, since ey values are higher which means less 
energy is getting dissipated (less plastic deformation) as R increases (refer to Eq. (4.5)). 
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Figure 4.11 Proposed analytical model, Eq. (6) for ex as a function of impact angle θ  
when gross slip occurs: (a) R = 10 μm (b) R = 25 μm 
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Figure 4.12 Proposed analytical model for ex compared to FEA results when μ = 0.2: (a) 
R = 25 μm (b) R = 50 μm  
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From the above analysis it could be concluded that the oblique elastic-plastic 
impact coefficient of restitution model given by Eq. (4.5) with ey provided by Eq. (A.26) 
is sufficiently accurate.  In general, the above coefficient of restitution analytical model 
provides a reasonable estimate for oblique elastic-plastic spherical impacts for a range of 
impact angles when gross sliding occurs in the system. It has been shown earlier that in 
oblique contact the tangential tractions do not influence the normal contact behavior for 
as long as μ ≤ 0.3 (Hamilton, 1983). Then ey can be determined using Thornton (1997) 
model as given in Eq. (A.26). In these cases, when the impact parameters result in gross 
sliding i.e. Eq. (4.6) is satisfied, then Eq. (4.5) can be used to estimate ex.  
In typical modern magnetic storage HDDs, the practical range of tangential 
impact velocity Vx is 5-15 m/s. For a normal impact velocity Vy range of 0-1 m/s, this 
would render the impact angle θ to be between 80o-90o. Hence in order to evaluate the 
applicability of the analytical coefficient of restitution model for practical slider corner-
disk impacts, the tangential coefficient of restitution values obtained from the oblique 
impact FEA simulations described in Sec. 4.3 were compared with the analytical 
coefficient of restitution model for sphere radii R = 10 μm and 25 μm and depicted in 
Figs. 4.13(a) and 4.13(b), respectively. Very good comparison between the analytical and 
FEA ex values can be observed for both cases validating the applicability of this model to 
slider corner-disk impacts. The ex range for realistic slider-disk impacts is 0.85-1 as seen 
in Fig. 4.13. This indicates that energy losses due to friction would be far less than the 
energy losses due to plastic deformation captured by ey (Fig. 4.9). An ex value less than 1 
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also indicates that the sphere will rebound with a decreased tangential velocity Vx after 
the impact. In reality, in a slider corner-disk impact, the Vx is due to the rotating motion 
of the disk which has a much greater mass than the slider itself, most likely resulting in 
very negligible loss of Vx of the disk, but would rather affect the Vx of the slider 
(assuming it is not constrained). However, since the slider is constrained by the head-
gimbal assembly through the suspension structure, this change in velocity Vx will 
manifest itself in the form of an equivalent reaction force at the constraint. Thus, the 
coefficient of restitution model can be, for example, used in advanced dynamic system 
models in the presence of impact. The post-impact dynamic motion of the system is 
dependent on the energy losses incurred by the system due to the impact, which can be 
captured fairly accurately by using the coefficient of restitution model presented in this 
work. 
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Figure 4.13 Proposed analytical model for ex compared to FEA results applicable in 
practical disk drive impact range when Vx = 10 m/s (a) R = 10 μm (b) R = 25 μm 
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4.5. Improved Elastic Unloading Model for Normal COR 
The CM-based spherical impact model in Chapter 3 does not predict the 
unloading behavior of the impact. Hence, ey could not be directly obtained from that 
model as unloading energy could not be estimated. In Sec. 4.4 existing analytical models 
were evaluated to determine ey. For this purpose, in this section an improved and more 
accurate method to estimate the ey was sought in this work. During the loading stage of 
the impact, when plastic deformation occurs in the deformable half-space, the effective 
radius of curvature is not the radius of the rigid sphere anymore since the resulting plastic 
deformation on the half-space will result in a crater of a certain radius of curvature. 
Hence, once a maximum load Pmax is reached, unloading (restitution) phase will 
commence. It has been shown using FEA that unloading is perfectly elastic in nature 
(Yan and Li, 2003). Hence, the unloading behavior will be based on the elastic contact of 
two conformal spherical bodies with radii R (rigid sphere radius) and R′  (half-space 
crater radius). The effective radius of curvature of the contact Rnew is obtained from 
 1 1 1
newR R R
= − ′              (4.7) 
Thus the unloading behavior can be described by 
( )31 224
3un r new r
P E R δ δ= −             (4.8) 
where Pun is the load during the unloading phase and δr is the residual contact depth. 
Thus, in order to capture the unloading behavior we need to estimate Rnew and δr. For 
Hertz elastic contact we know that 
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2r
R
δ =           (4.9) 
Similarly for elastic unloading after plastic deformation  
2
max
max
2
max
max
r
new
r
new
r
R
r
R
δ δ
δ δ
− =
⇒ = −
         (4.10) 
Maximum contact radius rmax for a given δmax can be obtained from the elastic-plastic 
contact model described in Sec 4.3. In order to obtain Rnew, Li and Gu (Li & Gu 2009) 
used a superposition of Steuermann solutions of elastic contact (Johnson 1985) for initial 
separation profiles having the form 2 jjA r . 
( ) ( ) ( )
max max
3
max max
1 3 2 1 2 1
4 1
o
oY Y
new
Y Y
p P
p PR j jrR j r
r r
⎡ ⎤⎛ ⎞⎛ ⎞⎢ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎜ ⎟= − − +⎜ ⎟− ⎢ ⎥⎜ ⎟⎜ ⎟ ⎛ ⎞⎜ ⎟ ⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎝ ⎠⎣ ⎦
     (4.11) 
In this case, assuming no pile-up or sink-in of the half-space, separation profile from the 
conformal contact can be captured fairly well by using j = 2. Note that when j = 1, the 
separation profile represents Hertz contact of sphere on sphere or sphere on flat. 
max max
3
max max
4
1.69 5
new
o
Y Y
Y Y
RR
p P
P
r r
r r
σ
= ⎡ ⎤⎛ ⎞⎛ ⎞⎢ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎜ ⎟−⎜ ⎟⎢ ⎥⎜ ⎟⎛ ⎞⎜ ⎟ ⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎝ ⎠⎣ ⎦
        (4.12) 
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Where the radius at initial yield 
2
oY
Y
r
Rp
r
E
π=  and the load at initial 
yield
34
3
r Y
Y
E rP
R
=  
The area under the load-penetration curve during unloading will give the amount 
of work done during unloading or restitution phase. Hence to obtain the unloading work 
Wun, we integrate Eq. (4.8) from δr to δmax. 
( )
( ) ( )
max 31
22
51
22
max max max
4 .
3
8 2
15 5
r
un r new r
un r new r r
W E R d
W E R P
δ
δ
δ δ δ
δ δ δ δ
= −
= − = −
∫
     (4.13) 
An analytical solution for the amount of total work done Wtot during the loading stage of 
the contact cannot be obtained since the elastic-plastic contact model equations 
represented by Eqs. (3.2)-(3.5), cannot be integrated analytically. The expressions have to 
be integrated numerically. In this work, instead, the load-displacement data obtained from 
the elastic-plastic impact model simulations can be numerically integrated cumulatively 
up to the maximum penetration depth δmax to obtain Wtot. 
Thus the normal coefficient of restitution ey can be obtained as follows 
2
2
yi
yr
yi
y
yr
VV
e
V V
= =            (4.14) 
Assuming no mass is lost by the impacting sphere, which is a fair assumption 
since it is rigid 
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21
2
21
2
yi
yr
un
y
tot
mV We
mV W
= =           (4.15) 
Based on the elastic-plastic impact model simulations discussed in Sec. 2 for 
homogeneous Glass-based disk, the parametric contour pots of δr and ey can also obtained 
from the impact model as shown in Fig. 4.14 
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Figure 4.14: Impact parameters from elastic-plastic impact model for homogeneous Glass 
disk  (a) Residual penetration δres (b) normal coefficient of restitution ey 
In order to verify the validity of the above solutions, the results were compared to 
normal impact FEA simulations for the case when R = 10 μm, and Vy = 0.1-1 m/s. The 
FEA model is described in Sec. 4.2. Fig. 4.15 shows the comparison of δmax and δr 
obtained from the impact model and FEA. Note that δmax comparison has already been 
shown in Fig. 4.7. The δr is also fairly well captured by the impact model as can be seen 
from Fig. 4.15. The comparison of ey between the FEA, the models from the literature 
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(Fig. 4.9) and also the proposed model is seen in Fig. 4.16. We can clearly see that 
though Thornton model (1997) does a fairly good job of capturing the trend, the proposed 
model is the most accurate. 
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Figure 4.15 Comparison of  δmax and δres from the impact model with normal impact FEA 
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Figure 4.16 Comparison of analytical normal impact models with FEA results for R = 10 
μm 
 
 
 
 
 
 
 
113 
4.6. Summary 
A finite element model of a rigid sphere obliquely impacting an elastic-plastic 
half-space was developed to examine slider corner-disk impact behavior in HDD. The 
plastic deformation damage and critical contact parameters that can occur for high 
intensity impacts were examined. The FEA model was successfully compared to an 
elastic-plastic contact mechanics-based spherical impact model proposed in Chapter 3. It 
was found that the tangential tractions caused by friction and the tangential velocity 
component during oblique impact have a negligible influence on the damage and other 
contact parameters including penetration depth.  A new unloading contact model was also 
proposed to estimate the residual penetration depth and was successfully compared to 
FEA results. 
In order to characterize the energy losses during oblique impact, an improved 
oblique impact coefficient of restitution model was proposed for elastic-plastic contact 
and examined using the finite element model. A new semi-analytical unloading contact 
model, a normal coefficient of restitution model was proposed, which is more accurate 
than existing analytical models. Based on the results, an elastic-plastic oblique impact 
analytical solution to obtain the coefficient of restitution was proposed. The simplified 
analytical model predicts trends of both tangential and normal coefficients of restitution 
for a range of impact angles capturing both plastic deformation and friction losses during 
oblique impact. 
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5. Impact of a Fixed-length Rigid Cylinder and a Deformable 
Elastic-Plastic Half-space  
5.1. Introduction 
From earlier work in Chapter 3 it was observed that if shock is imparted to the 
magnetic storage hard disk drive, a feature on the edge of the slider or on the air-bearing 
surface of the slider can impact the disk and cause physical or magnetic damage. 
Typically this feature can be approximated using either spherical profile (slider corners) 
or a cylindrical profile of a finite length and radius of curvature (chamfered edges on the 
slider). In Chapters 3 and 4 the case of a sphere impacting a half-space has been 
examined. In Chapter 3, some observations were made regarding the slider edge 
impacting the disk instead of the slider corner (Fig.3.12). Hence, in this Chapter, the 
focus was to develop a model to capture and examine slider edge impacts. The slider 
feature is usually harder than the disk, so the impact can be modeled by a rigid cylinder 
impacting an elastic-plastic half-space. 
A dynamic impact model of a rigid cylinder impacting an elastic-plastic half 
space was developed based on an elastic-plastic contact model for two-dimensional plane 
strain cylinders. The dynamic model also accounts for the finite length of the cylinder 
instead of directly using the plane strain formulation. New improved methods of 
estimating residual contact depth and rebound elastic work are also presented and used to 
obtain the normal coefficient of restitution. A parametric study to examine the effect of 
the cylinder radius, cylinder length and impact velocity on critical contact parameters was 
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performed. A finite element analysis (FEA) model of the above mentioned elastic-plastic 
impact was used to compare with the impact model results. The effect of tangential 
tractions on the normal motion was also examined using the FEA model. 
5.2. Elastic-Plastic Cylinder Contact Model 
5.2.1 Contact Model 
A constitutive model for plane strain rigid cylinder contacting a deformable 
elastic-plastic half-space was developed by Lim and Stronge (Lim & Stronge 1998). The 
model was developed for a plane strain condition which means the length of the 
contacting bodies is infinitely long. In order to consider the effect of the finite length of a 
cylinder L, a parameter q = L/R was introduced where, for the plane strain model to be 
applicable, q >> 1 (it is suggested that q >10). Hence Lim and Stronge’s model can be 
rewritten as shown in Eqs. (5.1)-(5.3) (all symbols are explained in the nomenclature). 
For purely elastic contact: 1.5m
Y
p
σ <  
2 ln
1
r
r
q EP R
qR E P
π νδ ξπ ν
⎧ ⎫⎛ ⎞⎪ ⎪= −⎜ ⎟⎨ ⎬⎜ ⎟ −⎪ ⎪⎝ ⎠⎩ ⎭
                       (5.1) 
For elastic-plastic contact: 1.5 2.4m
Y
p
σ≥ <  
22
1YY
Y
r r
R r
δ δ ⎧ ⎫⎛ ⎞⎛ ⎞ ⎪ ⎪= + −⎨ ⎬⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎪ ⎪⎩ ⎭
                 (5.2) 
For fully plastic contact: 2.4m
Y
p
σ =  
22
2
2
Y
Y
Y
r r
R r
δ δ ⎧ ⎫⎛ ⎞⎛ ⎞ ⎪ ⎪= + −⎨ ⎬⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎪ ⎪⎩ ⎭
                (5.3) 
where, 
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12 Y
Y
r
Rr
E
σ
π=                   (5.4) 
2
6 2 ln 2ln
6 1
Y r
Y
r Y
ER
E
σ π νδ ξπ σ ν
⎧ ⎫⎛ ⎞ ⎛ ⎞⎪ ⎪= + −⎨ ⎬⎜ ⎟ ⎜ ⎟ −⎪ ⎪⎝ ⎠ ⎝ ⎠⎩ ⎭
              (5.5) 
2 236 Y
Y
r
nRP
E
σ
π=               (5.6) 
To obtain the transition between elastic and fully plastic contact, Lim and Stronge 
derived an analytical equation to estimate the mean contact pressure pm based on 
Johnson’s spherical cavity model (Johnson 1970). In this model, during the transition 
between perfectly elastic and fully plastic behavior, it is assumed that the mode of 
deformation results in radial expansion of material immediately below the cylindrical 
contact due to hydrostatic stress. By ensuring compatibility between the material 
displaced during the contact and the radial expansion of the cylindrical cavity in 
hydrostatic state, the mean contact pressure for the cylindrical cavity model is obtained as 
2 1 41 ln
3 33
m r
Y Y
p E r
Rσ π σ
⎡ ⎤⎛ ⎞= + +⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦
           (5.7) 
 
5.2.2 Improved Residual Contact Depth Model 
Lim and Stronge (1998) estimated the residual contact depth δr to be 
22
max
2 2
r
r
rr
R R
δ = ≈′ ′              (5.8) 
where R′  is the radius of the residual cylindrical crater after unloading, rr is the residual 
half-contact width and rmax is maximum half-contact width. In Eq. (5.8) it was assumed 
that maxrr r≈ . However, during unloading there will be some elastic recovery, which was 
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neglected in Lim and Stronge’s model.  To consider elastic recovery, the recovered 
elastic contact half-width ela  has to also be accounted for, so that 
maxr elr r r= −                    (5.9) 
For normal elastic contact of a rigid cylindrical surface onto an elastic half-space, 
quasi-static Hertz theory (Timoshenko & Goodier 1970) gives r in terms of P as 
24 4
r r
R P r Pr
E qR R E qRπ π= ⇒ =          (5.10) 
Therefore during loading, at first yield 
2 4Y Y
r
r P
R E qRπ=               (5.11) 
Following the same idea as in Lim and Stronge , after elastic-plastic contact, since 
the unloading process is elastic and reversible, let us assume a second loading of the 
plastically deformed area is performed up to the maximum contact depth δmax of the first 
loading. The residual contact area of the unloaded half space is assumed to be a concave 
cylindrical surface with a radius R′ . Fig. 5.1 shows the cylindrical surface of radius R on 
a concave cylindrical surface of radius R′ .  The elastic limit of the second loading will be 
at maximum contact depth when the contact radius is rmax. 
2
max
41 1 Y
r
Pr
R R E qRπ
⎛ ⎞− =⎜ ⎟′⎝ ⎠                (5.12) 
Equating Eqs. (5.10) and (5.12) to obtain 
2 2
max 1 1 Y
Y Y
r r
P R R P R
⎛ ⎞− =⎜ ⎟′⎝ ⎠              (5.13) 
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Therefore 
2
max
2 2
max Y
rR R
r r
⎛ ⎞′ = ⎜ ⎟−⎝ ⎠
          (5.14) 
The elastically unloaded contact width rel is equal to the contact width obtained after the 
second loading up to Pmax and can be found as 
max
1 14
el
r
P
R Rr
E qRπ
⎛ ⎞−⎜ ⎟′⎝ ⎠=           (5.15) 
C
θ
θrδ
rr
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rR δ′ −
R
R′
 
Figure 5.1 Unloaded contact region with a crater of half-contact width rr and radius R′ 
assuming no pile-up or sink-in 
For elastic-plastic contact, 1.5 2.4m
Y
p
σ≥ < : 
Based on similar triangles OAB and OCB in Fig. 5.1 
tan r r
r r
r
r R
δθ δ= = ′ −              (5.16)  
Since it is elastic-plastic contact r Rδ ′<< rR Rδ′ ′⇒ − ≈       (5.17) 
2
r
r
r
R
δ ≈ ′             (5.18) 
For fully plastic contact, 2.4m
Y
p
σ = : 
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From triangle OAB (Fig. 1) 
( )22 2 2 22 0r r r r rR R r R rδ δ δ′ ′ ′= − + ⇒ − + =             (5.19) 
2 2
r rR R rδ ′ ′= − −                 (5.20) 
Thus residual contact depth δr is obtained by using Eq. (5.18) for elastic-plastic contact 
and Eq. (5.20) for fully plastic contact. 
5.3. Contact Mechanics (CM)-based Dynamic Impact Model (or CM 
Model) 
The forces considered in this model were the contact forces arising from the 
impact. At such high velocities, adhesion and damping forces are negligible and the 
impact contact motion in the normal direction could be described by 
( ) ( ), , ; 0 0, (0) ym P R L Vδ δ δ δ= − = =          (5.21) 
 
The primary focus of this work is to estimate the contact damage that occurs due to 
impact and the mechanical contact damage parameters considered were δ, pm and r. The 
elastic-plastic cylinder contact equations are nonlinear. For elastic contact, P cannot be 
expressed analytically in terms of δ. Hence the δ values were obtained over a practical 
range of P, R and L values apriori using Eq. (5.1) and stored in a table. Thus the right 
hand side of Eq. (5.21) i.e. P can be obtained for a given δ, R and L from the table while 
solving the differential equation as long as the impact is purely elastic.  
When the contact exceeds the elastic limit, δ and mean contact pressure pm were 
calculated apriori for a range of r and R. Beyond initial yield, pm is calculated using Eq. 
(5.6) and is used to determine if the contact is in the elastic-plastic (1.5 / 2.4m Yp σ≥ < ) 
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or fully plastic ( / 2.4m Yp σ = ) regime. Then δ is obtained from Eq. (5.2) for elastic-
plastic contact and Eq. (5.3) for fully plastic contact and both δ and pm are stored in tables. 
Thus when contact exceeds the elastic limit, the right hand side of Eq. 5.22 is used in the 
differential equation, where for a given δ, R and L; pm and r are accessed from the tables. 
 ( ) ( ), 2 ( , ) ; 0 0, (0)m ym p r R nR r R Vδ δ δ δ= − = =                      (5.22) 
The above dynamic model (Eqs. 5.21 and 5.22) is solved numerically to obtain 
the penetration depth δ  for a given cylinder radius R, cylinder length L and impact 
velocity Vy. A simple step-by-step simulation process for a cylinder with a given L and R 
impacting an elastic-plastic half-space is shown below. 
Step-1: Numerically solve the differential equation with the given initial conditions 
( )0 0, (0) yVδ δ= = . At the current time-step i, current depth iδ  is calculated using an 
explicit numerical integration scheme like Runge-Kutta method.  
Step-2: If i Yδ δ≤ , then the contact is purely elastic and Pi for the corresponding iδ , R 
and L is obtained from the look-up table and is used as the right hand side of the 
differential Eq. (5.21).   
Step-3: If i Yδ δ> , then pmi and ri are obtained for the corresponding iδ , R and L from the 
look-up tables and used in the right hand side of the differential Eq. (5.22). 
Step-4: Repeat Steps 1 to 3 by stepping ahead in time using the explicit time integrating 
scheme until the right hand side of the differential equation becomes 0 i.e. the cylinder is 
no more in contact with the half-space. 
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5.4. Typical Impact Simulation Results 
One of the motivations of this work was to apply the cylinder impact model to a 
practical case of a cylindrical feature of the slider impacting a disk in a magnetic storage 
hard disk drive and investigate the resulting contact parameters. The mass m = 0.159 mg 
and size of the slider is significantly smaller than that of the disk. The recording slider is 
made of Al2O3-TiC (AlTiC in short) and is usually covered by a thin (2-4 nm) diamond-
like carbon layer. Thus, in the impact model the cylinder can be treated as rigid by 
accounting for elastic modulus of AlTiC in the reduced elastic modulus Er of the 
deformable half-space.  The magnetic storage thin-film disk is made up of several thin-
film layers, but in this work only the substrate mechanical properties were used and thus 
treat the disk as a homogeneous material. This assumption still provides us with fairly 
good estimates of the impact parameters since these thin-film layers mechanical 
properties are similar to the substrate material. The thickness of the half-space d was 
taken as 100 μm and Er = 83.96 GPa, which is a combined modulus of glass-based 
substrate with E = 100 GPa, ν = 0.23, and AlTiC with E = 390 GPa, ν = 0.22. The yield 
strength of glass-based substrate σY = 2.41 GPa (refer to Table 3.1). 
Figure 5.2(a) shows typical impact simulation results when R = 2 μm, L = 20 μm 
and Vy = 1 m/s; whereas in Fig. 5.2(b) R = 10 μm, L = 1000 μm and Vy = 5 m/s. The 
impact solution based on pure elastic contact is also plotted in Fig. 5.2 for comparison. 
Fig. 5.2(a) clearly shows that the elastic-plastic solution is different than pure elastic 
solution and the half-space incurred plastic deformation, with plastic deformation being 
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less pronounced in Fig. 5.2(b). The maximum penetration in Fig. 5.2(a) is higher than in 
Fig. 5.2(b) though Vy is lower, since L is smaller in the case represented by Fig. 5.2(a). 
Referring to Fig. 3.2(a) in Chapter 3, which deals with spherical slider corner impacts, 
δmax for R = 2 μm and Vy = 1 m/s was ~ 7 μm, whereas for the same parameters and 
cylinder edge with L = 20 μm, δmax is lower at 2 μm (Fig. 4.2(a)). This result is in 
agreement with the experimental results presented in Fig. 3.12 of Chapter 3, where it was 
observed that at higher impact velocities, the spherical corner impact quickly turns into a 
cylindrical edge impact, thus resulting in long imprints whose depths were lower than 
those predicted from the spherical impact model, indicating a cylindrical feature contact. 
For example, Figs. 5.3-5.5 are some AFM scans of such type of impacts observed from 
the impact experiments described in Sec. 3.6. In these cases, it is more appropriate to use 
a cylinder impact model where L is equal to the length of the imprinted feature.   
The above CM-based model was used to investigate the effect of R, L and Vy on 
critical contact parameters. For a cylinder of L/R = 10, R ranging from 1 μm to 10 μm 
and Vy from 0.1 to 1 m/s, Fig. 5.6(a) depicts the maximum penetration δmax for the chosen 
parametric range of impact velocities and corner radii of curvature. The dependence of 
δmax on R is small at low Vy (up to 0.5 m/s), but increases at higher values. Figure 5.6(b) 
shows residual depth δr after the end of the impact where it is clearly seen that below the 
contour line indicating δr = 0.025 μm the impact results in purely elastic deformation 
which is completely recovered after the impact. The impact duration is shown in Fig. 
5.6(c), where it highly depends on R and is almost independent of Vy. The mean contact 
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pressure pm contour is shown in Fig. 5.6(d), which can be used to determine the 
deformation regime of an impact via pm/σY (σY = 2.41 GPa in this case).   
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Figure 5.2 Comparison between elastic and elastic-plastic CM impact models.  
Penetration of cylinder into homogeneous disk during impact (a) R = 2 μm, L/R = 10, Vy 
= 1 m/s; (b) R = 10 μm, L/R = 100, Vy = 5 m/s. 
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(a)
(b)
 
Figure 5.3 Instance of slider edge feature damage as seen on a magnetic disk (a) 
Isometric view of the AFM scan (b) Depth of impact damage across the section 
 
 
(a)
(b)
 
Figure 5.4 Instance of slider edge feature damage as seen on a magnetic disk (a) 
Isometric view of the AFM scan (b) Depth of impact damage across the section 
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(a)
(b)
 
Figure 5.5 Instance of slider edge feature damage as seen on a magnetic disk (a) 
Isometric view of the AFM scan (b) Depth of impact damage across the section 
Figure 5.7 shows contour plots for the same parametric range as in Fig. 5.6 but 
with L/R = 100. The δmax values as seen in Fig. 5.7(a) are significantly lower than in Fig. 
5.6(a) for a given R and Vy. Similarly the δr values in Fig. 5.7(b) are also lower than in 
Fig 5.6(b). This is because the contact force is distributed over a larger contact area 
resulting in a lower contact pressure, which can clearly be observed in Fig. 5.7(d), where 
the pm values are lower than in Fig 5.7(d). Most of the impact in Fig. 5.7 is in the purely 
elastic and elastic-plastic regime.  Figure 5.8 shows contour plots for a larger parametric 
range: Vy = 1-5 m/s and R = 10-100 μm with L/R=10. The δmax values as seen in Fig. 
5.8(a) are in general higher since the velocities are higher. But, as can be seen in Fig. 
5.8(b), the δr values are still lower indicating most of the deformation is elastically 
recovered. The impact duration t and maximum pm contours are also shown in Figs. 
5.8(c) and 5.8(d) respectively. 
 
 
 
 
 
 
 
126 
0 1
0.2
0.2
0.20.3
0.3
0.3
0.4
0.4
0.4
0.4
0.5
0.5
0.5
0.5
0.6
0.6
0.6
0.6
0.8
0.8
0.8
0.8
1
1
1
1.
2
1.2
1.4
1.
4
Cylinder Radius, R (μm)
Im
pa
ct
 V
el
oc
ity
, V
y 
(m
/s
)
Maximum Penetration, δ (μm)
2 4 6 8 10
0.2
0.4
0.6
0.8
1
(a)
2.5
2 5
3.5
3.5
4.5
4.5
4.5
5.5
5.
5
5.
5
5.
75
5.
75
5.
75
Cylinder Radius, R (μm)
Im
pa
ct
 V
el
oc
ity
, V
y 
(m
/s
)
Max. mean contact pressure, p
m
 (GPa)
2 4 6 8 10
0.2
0.4
0.6
0.8
1
2.5
2 5
3.5
3.5
4
4
4
.
.
.
4.55
5
5
5
5.2
5
5.2
5
5.2
5
5.5
5.
5
5.
5
5.7
5
5.
75
5.
75
Im
pa
ct
 V
el
oc
ity
, V
y 
(m
/s
)
2.5
2.5
3.5
3.
5
3.
5
Cylinder Radius, R (μm)
Im
pa
ct
 V
el
oc
ity
, V
y 
(m
/s
)
Impact Duration, t (μs)
2 4 6 8 10
0.2
0.4
0.6
0.8
1
2.5
2.
5
2.75
2.75
2.
75
3
3
3
3.5
3.
5
3.
5
4
4
4
4.5
4.5
4.
5
5
5
5
7
7
7
9
9
9
11
11
Im
pa
ct
 V
el
oc
ity
, V
y 
(m
/s
)
2.5
2.
5
2.75
2.
75
2.
75
3
3
3
3.5
3.
5
3.
5
4
4
4
4.
5
4.5
4.
5
5
5
5
7
7
7
9
9
9
Im
pa
ct
 V
el
oc
ity
, V
y 
(m
/s
)
(c) (d)
0.02
5
0.02
5
0 02
5
0.0
5
0.05
0.05
0.1
0.1
0.1
0.1
0.2
0.2
0.2
0.2
0.3
0.3
0.3
0.3
0.4
0.4
0.4
0.7
0.7
0
7
0.
7
1
1
1
Cylinder Radius, R (μm)
Im
pa
ct
 V
el
oc
ity
, V
y 
(m
/s
)
Residual Depth, δr (μm)
2 4 6 8 10
0.2
0.4
0.6
0.8
1
(b)
Im
pa
ct
 V
el
oc
ity
, V
y 
(m
/s
)
Im
pa
ct
 V
el
oc
ity
, V
y 
(m
/s
)
Im
pa
ct
 V
el
oc
ity
, V
y 
(m
/s
)
Im
pa
ct
 V
el
oc
ity
, V
y 
(m
/s
)
Im
pa
ct
 V
el
oc
ity
, V
y 
(m
/s
)
7
Im
pa
ct
 V
el
oc
ity
, V
y 
(m
/s
)
1
Im
pa
ct
 V
el
oc
ity
, V
y 
(m
/s
)
1
Im
pa
ct
 V
el
oc
ity
, V
y 
(m
/s
)
 
Figure 5.6 Impact contact parameters using the CM model at various impact velocities 
and cylinder radii when L/R=10 : (a) Maximum penetration, (b) Residual depth, (c) 
Impact duration (d) Maximum mean contact pressure 
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Figure 5.7 Impact contact parameters using the CM model at various impact velocities 
and cylinder radii when L/R=100 : (a) Maximum penetration, (b) Residual depth, (c) 
Impact duration (d) Maximum mean contact pressure   
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Figure 5.8 Impact contact parameters using the CM model at a larger range of impact 
velocities and cylinder radii when L/R=10 : (a) Maximum penetration, (b) Residual depth, 
(c) Impact duration (d) Maximum mean contact pressure   
5.5. Coefficient of Restitution Model 
5.5.1 Work Done During Impact Phase  
The normal coefficient of restitution ey is defined as the ratio of the magnitude of 
the rebound normal velocity Vyr over the impact normal velocity Vyi   
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yr
y
yi
V
e
V
=                    (5.23) 
Since the cylinder is impacting a fixed half-space, it will rebound after the impact. If the 
impact results in loss of energy due to the contact, it will be manifested in the form of 
reduced kinetic energy of the cylinder while rebounding. It is reasonable to assume that 
since the cylinder is rigid, it will not lose any mass during the impact, thus 
22
2
2 2
1
2
1
2
yryr
y
yi yi
mVV
e
V mV
= =              (5.24) 
2
ye  is the ratio of the impact kinetic energy over the rebound or unloading kinetic energy 
of the cylinder. This can also be defined as the magnitude of work done during the impact 
phase Wtot over the elastic work recovered during the unloading or rebound or the 
restitution phase Wun of the impact. 
un
y
tot
We
W
=                    (5.25) 
The work done during the impact can be obtained by integrating the load over the 
penetration depth. Lim and Stronge (Lim & Stronge 1998) obtained the work done over 
the regimes of elastic Wel, elastic-plastic Wep and fully plastic Wfp deformation, as follows  
2
max max2 1 1 ln
4 2el Y Y Y Y
P PDW P
P D D P
δ ⎧ ⎫⎛ ⎞ ⎛ ⎞−⎪ ⎪⎛ ⎞= −⎨ ⎬⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠⎪ ⎪⎝ ⎠ ⎝ ⎠⎩ ⎭
             (5.26) 
where 2 ln 2ln
6 1
rED
Y
π νξ ν
⎛ ⎞= + −⎜ ⎟ −⎝ ⎠  
3/ 22
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2 2
2 2 1 21 1 1 ln 1 1 1
3 9 3 3 3 9 3
Y
Y Y
Y Y Y
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Y Y
P r R RW
R r r
δ δδ δ
δ δ
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3/ 2 3/ 22
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where 
2
11.29
2
Y
pl Y
r
R
δ δ ⎛ ⎞= + ⎜ ⎟⎝ ⎠  
Alternatively, instead of using the above equations to obtain the work done during 
impact, it can be directly calculated using numerical integration of the load-penetration 
(P-δ) values during the loading phase of the impact up to Pmax. The method to estimate 
work recovered during the rebound or unloading phase Wun is described below. 
5.5.2 Rebound or Unloading Work Done During Impact  
The rebound or the restitution phase is assumed to be elastic. To obtain the 
coefficient of restitution, the work recovered during restitution or the unloading work Wun 
is needed to be estimated during the impact. Since an analytical solution to obtain Wun is 
unavailable, Lim and Stronge approximated the rebound P-δ to be linear and obtained the 
work done between δmax and δr i.e. the unloading or restitution phase as 
( )max max12un rW P δ δ= −             (5.29) 
A more accurate model to estimate the unloading work was sought in this Chapter. A 
typical load-unload curve during the cylinder impact process is shown in Fig. 5.9. The 
curve represented by AB is the loading part occurring during the impact phase and curve 
BC represents the unloading part during the restitution phase. Hence area BCD will 
provide an estimate of the amount of work done during the restitution phase. Note that in 
Lim and Stronge’s model, this area was approximated as triangle BCD (dash-dot line in 
Fig. 5.9). For a more accurate model, we need to obtain the area under the curve BC to 
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obtain an accurate estimate of the unloading work. Thus the expression for unloading 
work can be derived as follows. Referring to Fig. 5.9, unloading work Wun = Area BCD = 
Area B′C ′D ′ (BCD with origin shifted) 
Wun = Area C′EB ′D′ – Area C′EB′ 
( ) ( )maxmax max 0Pun r nW P P dPδ δ δ⇒ = − − ∫           (5.30) 
where ( ) ( )( )maxmax
0
0
ln
1
P
P YY
n r r
Y
P
PPP dP P dP
P D
δδ δ δ δ
⎧ ⎫⎛ ⎞⎜ ⎟⎪ ⎪⎛ ⎞ ⎪ ⎪⎝ ⎠= − = − −⎨ ⎬⎜ ⎟⎝ ⎠ ⎪ ⎪⎪ ⎪⎩ ⎭
∫ ∫     (5.31) 
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Figure 5.9 Typical P-δ curve obtained during the impact. The dashed line indicates that 
unloading (rebound) curve shifted to the origin. 
. 
 
 
 
 
 
 
 
 
 
 
132 
5.5.3 Normal coefficient of restitution ey 
Normal coefficient of restitution ey can be obtained as follows: 
For purely elastic impact ey = 1 (assuming negligible stress wave losses) 
For elastic-plastic impact uny
el ep
We
W W
= +         (5.33) 
For fully plastic impact uny
el ep fp
We
W W W
= + +          (5.34) 
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Figure 5.10 CM-based coefficient of restitution for normal impact ey : (a) L/R=10 (b) 
L/R=100 (c) L/R=10 (larger parametric range) 
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The coefficient of restitution ey is obtained for the parametric cases discussed earlier and 
is plotted in Fig. 5.10. In Fig. 5.10(a), where L/R = 10, R = 1-10 μm and Vy = 0.1-1 m/s, 
the region to the right of the contour line of ey = 1 is where there is no plastic deformation 
and thus the elastic strain energy is recovered fully by the cylinder. To examine the effect 
of cylinder length L on ey, L/R was increased to 100 with R = 1-10 μm and Vy = 0.1-1 m/s 
and plotted in Fig. 5.10(b). Compared to Fig. 5.10(a), ey values are higher in Fig. 5.10(b) 
since L/R is higher resulting in lower contact pressures.  Similarly the ey is also plotted 
for L/R =10 but for a larger parametric range i.e. Vy = 1-5 m/s and R = 1-100 μm. Note 
that in the current analysis, the effect of elastic stress wave energy dissipation has not 
been presented. This is because, for the velocity range and impacting body sizes involved 
in this work, it was found that the elastic stress wave energy loss is several orders of 
magnitude lower and thus negligible. 
5.6. Finite Element Model  
To verify the proposed CM-based cylinder impact model, dynamic finite element 
analysis (FEA) was performed using ABAQUS/Explicit solver. Plane strain models of a 
cylinder vertically (normal direction) and obliquely impacting a homogeneous 
deformable half space were simulated using FEA. The deformable body mesh is made of 
4-node bilinear plane strain quadrilateral elements with full integration. The dimensions 
of the deformable body are 125 μm × 100 μm (length × height) with the finest mesh of 
0.25 μm × 0.25 μm on and near the surface (contact region) and coarsest mesh away from 
the surface. The current mesh configuration as shown in Fig. 5.11 was arrived at by 
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performing a convergence study of cylinder contact using different mesh and element 
sizes and comparing the results with analytical cylinder contact solutions. The total 
number of nodes and elements are 25,551 and 25,000 respectively. Only the bottom half 
of the rigid cylinder was modeled using an analytical rigid surface of R = 10 μm since 
only a small region of the cylinder will come in contact with the half-space. Since the 
model is in plane strain, a mass per unit length should be assigned to the cylinder m′  = 
m/L where m = 0.159 mg. Thus, through m′ , the finite length of the cylinder can be 
accounted for in the plane strain simulation.  
 
Figure 5.11: Finite element mesh used for the plane strain cylinder impact analysis 
Contact surfaces were defined on the analytical rigid surface and the top surface 
of the deformable mesh, which ensures that appropriate contact pressures were applied 
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during contact. A constant friction coefficient model was employed to account for 
friction at the contacting interfaces. In this friction model, as long as lateral surface 
traction τ is less than the product of the friction coefficient μ and contact pressure p, the 
contacting interfaces will stick. Gross slip will occur once τ in the whole contact region 
increases beyond this limit. For the current analysis μ = 0.15 which is typical of the 
contact of the materials used in this work (Tayebi et al. 2003). For normal impact 
simulations the rigid cylinder was constrained from rotating in any direction and also 
constrained from moving horizontally (X-direction). The horizontal constraint on the 
cylinder is removed for oblique impact simulations. The bottom of the mesh is 
constrained from moving vertically (Y-direction) and the sides are constrained from 
moving in the horizontal direction (X-direction). Vy ranged from 0.2 to 1 m/s for 
cylinders with L/R = 10 (R = 10 μm and L = 100 μm) and Vy = 1 to 5 m/s when L/R = 100 
(R = 10 μm  and L = 1000 μm). For oblique impacts the horizontal velocity Vx = 10 m/s, 
which is a typical linear velocity for a spinning magnetic storage disk. For the above 
cases the angle of impact would be within the range of 84-89o which is sufficiently high 
to cause gross slip throughout the impact. 
The maximum von Mises stress contours during the course of the impact are 
shown for the case when Vy = 1 m/s, R = 10 μm and L/R = 10 in Fig. 5.12(a) for normal 
impact and Fig. 5.12(b) for oblique impact. In both cases the impact has resulted in 
plastic deformation since the σY (2.41 GPa) has been exceeded. Thus when gross slip 
occurs in this range, friction has a negligible effect on the energy loss due to plastic 
 
 
 
 
 
 
 
136 
deformation. Frictional energy dissipation for the current case will be a very small 
component of the total energy dissipation (Lim & Stronge 1999). Figure 5.13 plots the 
penetration depths from the FEA model for the same cases as discussed in Fig. 5.12.  The 
δmax (U2) values for normal and oblique impacts are shown in Figs. 5.13(a) and 5.13(b), 
respectively. Similarly δr (U2) values are obtained after the end of the impact and are 
shown in Figs. 5.13(c) and 5.13(d) for normal and oblique impacts, respectively. 
Comparing normal and oblique impact cases, there is negligible difference in δmax values 
but a considerable difference exists for δr. The residual depth is larger for the oblique 
impact case at 0.19 μm compared to the normal impact where it is 0.12 μm. This is 
because once gross slip occurs during oblique impact, the higher stress which originally 
exists beneath the surface will move closer to the surface resulting in increased plasticity 
near the surface. The case analyzed in Fig. 5.13 could be considered “extreme” and δr 
differences between normal and oblique impacts are lower for lower Vy values. Thus, the 
CM-based normal impact model presented earlier can be reasonably extended to also 
model oblique impact cases. 
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(a) (b)
 
Figure 5.12 FEA maximum von Mises stress for R = 10 μm, Vy = 1 m/s during : (a) 
Normal impact, (b) Oblique impact (Vx = 10 m/s). Units in GPa 
 
(a) (b)
(c) (d)
 
Figure 5.13 FEA penetration depths for Normal impact: (a) Maximum penetration, (c) 
Residual penetration; for oblique impact: (b) Maximum penetration (d) Residual 
penetration. Units in μm 
 
 
 
 
 
 
 
138 
5.7. CM-based Cylinder Impact Model Validation using FEA  
Parametric comparison was performed to determine the validity of the CM-based 
impact model by comparing with the FEA results for both normal and oblique impacts. 
Figure 5.14 shows the comparison of the penetration depths obtained from the elastic-
plastic CM impact and FEA models with a cylinder of R = 10 μm. δmax and δr comparison 
for a cylinder with L/R = 10, R = 10 μm and Vy = 0.2 -1 m/s are shown in Figs. 5.14(a) 
and 5.14(b) respectively. There is good agreement for δmax between the CM-based impact 
and FEA normal and oblique impact models, as shown in Fig. 5.14(a). In Fig. 5.14(b), δr 
values obtained using Lim and Stronge model, the improved CM model along with the 
FEA results. Lim and Stronge model overestimates δr, whereas the improved model 
results are closer to the FEA impact results.  
Similar comparison is made with a longer cylinder L/R = 100, R = 10 μm and Vy = 
1 - 5 m/s. For most micromechanical systems like magnetic storage disks, Vy range will 
be lower with 1 m/s being the limit. However, for long cylinders, there will be no plastic 
deformation observed at this range. Hence in order to test the validity of the CM-based 
model, a higher Vy range was employed in this work when L/R = 100.  The agreement for 
δmax between CM model and FEA is good as seen in Fig. 5.14(c). In Fig. 5.14(d) δr 
values from the improved elastic-plastic contact model are closer to both normal and 
oblique impact FEA compared to the Lim and Stronge model. At higher impact velocities 
the improved elastic-plastic contact model seems to overestimate δr.  However, for most 
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practical cases, the improved elastic-plastic contact model gives a more accurate estimate 
of δr. 
The normal coefficient of restitution ey values obtained from the impact model 
(Eqs. 5.32-5.33) for the same cases as discussed in Fig. 5.14 are compared with the FEA 
normal impact results in Fig. 5.15. In Fig. 5.15(a), the ey from the impact of the cylinder 
with R = 10 μm and L/R = 10 is shown, whereas in Fig. 5.15(b) plots the same for a 
cylinder with R = 10 μm and L/R = 100. In both figures, we can observe that at low Vy, ey 
~ 1, which implies that most of the impact is elastic and thus there is no plastic 
deformation energy loss. As Vy increases, ey is decreasing implying increased plastic 
deformation energy loss. We can also see that in Fig. 5.15(b), the decrease in ey values is 
steeper than in Fig. 5.15(a). This is because, though the cylinder is larger than in Fig. 
5.15(a), the Vy values are also much higher (1-5 m/s). An excellent comparison is 
obtained between the CM impact model and FEA results, which validates the elastic-
plastic CM-based cylinder impact model. 
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Figure 5.14 FEA vs. CM impact model penetration depth comparison for L/R = 10: (a) 
Maximum penetration, (c) Residual depth; for L/R = 100: (b) Maximum penetration (d) 
Residual depth 
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Figure 5.15 Normal impact FEA vs. impact model coeff. of restitution ey comparison for 
R = 10 μm (a) L/R = 10, (b) L/R = 100 
5.8. Summary 
A contact mechanics-based impact model of a rigid cylinder with finite length and 
radius of curvature impacting a homogeneous elastic-plastic half space was developed. 
This model accounts for the finite length of the cylinder contacting the half-space as long 
as the cylinder length is considerably higher than its radius of curvature, ensuring plane 
strain conditions are satisfied during the contact. This model can be used to estimate the 
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resulting residual depth after the impact. For this purpose an improved method of 
estimating the residual depth was proposed. Also, on elastic unloading and the estimate 
of the residual depth, an improved normal impact coefficient of restitution model was 
presented  
The main focus of this model was to study impacts in micromechanical systems. 
In this chapter the impact model was used to study a case of a cylindrical feature on the 
slider of a magnetic storage hard disk drive impacting the disk to predict various critical 
impact contact parameters. The impact model was validated using a plane strain finite 
element model by comparing the maximum contact depth, residual depth and coefficient 
of restitution from the finite element model results.  
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6. Plane Strain Sliding Contact of Magnetic Storage 
Multilayer Thin-films  
6.1. Introduction   
In the previous chapters, the operational shock induced contact of the slider 
feature and the disk was examined. In order to achieve higher areal densities a newer 
development in magnetic storage hard disk drives (HDDs) is a thermally actuated pole tip 
protrusion (T-PTP), which is part of the thermal flying-height control (TFC). It is 
embedded near the trailing edge of the slider.  The advent of pole tip being used in 
magnetic storage sliders has increased the chances of light contact even when the hard 
disk drive does not encounter shock. The pole tip protrusion is used to make the 
read/write element move closer to the disk bringing the spacing to 2-3 nm. This can 
occasionally result in a feature of the slider contacting the spinning magnetic disk 
resulting in scratches with deleterious effects on the operation of the HDD. There is also 
the possibility where the same region is subject to multiple sliding contacts, referred to as 
repeated contacts. Modern magnetic storage thin-film disks have multiple layers 
deposited on a substrate, and thus constitute a multi-layered thin-film system.  Sliding 
contact of multi-layered HDD thin-films needs to be studied in detail to examine the main 
modes of failures through investigation of the resulting stresses, strains and deformations. 
Such a problem is not restricted to magnetic storage, as there are also other multilayer 
thin-film systems that exhibit sliding contact, such as micromechanical systems and 
advanced engineering surfaces with protective coatings.  
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The objective of this chapter is to use FEA to investigate the sliding contact 
behavior of a multi-layered thin-film system using their measured mechanical properties 
obtained through reliable sub-nanometer nanoindentation experiments. The primary 
modes of failure for the different thin-film layers were characterized. The equivalent 
effective plastic strain for different contact loading conditions on the important magnetic 
recording layer was also characterized, since it provides an estimate of the amount of 
plastic deformation and can be related to magnetic erasures (Xu et al. 2009; Lee et al. 
2009). Also the effect of repeated sliding contact on the surface and sub-surface stresses, 
strains and deformations were examined in detail along with shakedown behavior. 
6.2. Finite Element Model 
6.2.1 Mesh and Model Validation 
The finite element model consists of an analytical rigid surface with a given 
radius of curvature, representing a rigid cylinder contacting a deformable mesh, 
representing a layered thin-film half-space (Fig. 6.1). The thin-film layered structure is 
representative of a typical magnetic storage disk with the layer thickness values as shown 
in Fig. 2.2. Note that the exact values may vary for different media designs, however the 
order of magnitude of these values are the same for current perpendicular recording type 
media. The deformable mesh is made of 4-node bilinear plane strain quadrilateral 
elements with full integration. The dimensions of the deformable body are 1200 μm x 
768 μm with the finest mesh on and near the surface (contact region) and coarsest mesh 
away from the surface.  
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Figure 6.1 Finite element mesh used to represent the 2D thin-film multilayer body 
Two different values for the radius of curvature R of the rigid surface were used 
in this analysis, 0.5 μm and 1 μm. These values are representative of the size of recording 
slider features that may contact the thin-film disks in HDDs. The geometry was also 
chosen so that the boundaries of the mesh do not influence the results. The smallest 
elements used were 1 nm x 1nm and the largest were 16 nm x 16 nm.  The total number 
of elements used was 21,975 and the number of nodes was 22,685. Contact surfaces were 
defined on the analytical rigid surface and the top surface of the deformable mesh, which 
ensure that proper contact pressures were applied during contact.  
A contact friction coefficient model was employed to account for the friction at 
the contact interfaces. In this friction model, as long as lateral surface traction τ is less 
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than the product of the friction coefficient μ and the contact pressure p, the contacting 
interfaces will stick. Gross slip will occur once τ in the whole region increases beyond 
this limit. Note that in the contact area, there might be regions where τ ≥ μ p (partial slip) 
and regions where τ < μ p (partial stick). Two different friction coefficient values μ were 
used, 0.25 and 0.5, which are typical values measured in such smooth microcontacts 
(Bhushan & Venkatesan 1993; Bai et al. 2000). Appropriate boundary conditions were 
applied to the model to ensure the deformable mesh simulates a half-space behavior; 
these are: The rigid surface was constrained from rotating, the nodes on the left and right 
sides of the mesh were constrained from moving lateral, and the nodes at the bottom of 
the mesh were constrained from moving vertically. 
To ensure mesh convergence, the sub-surface stress distributions (for a 
homogeneous material with Er = 160 GPa and ν = 0.3) obtained due to pure normal 
loading (applied normal displacement δy = 5 nm, cylinder radius R = 0.5 μm) from the 
model were compared with corresponding analytical cylinder contact stress solutions. 
Figures 6.2(a) and 6.2(c) show favorable comparison between the analytical and FEA 
solutions of the compressive normal stress contours.  Similarly, Figs. 6.2(b) and 6.2(d) 
compare the analytical and FEA von Mises stresses. As it can be seen the FEA values 
favorably compare with the analytical results, even though it is evident that at the mesh 
transition points there are discontinuities in the stress fields.  These discontinuities could 
be reduced using finer mesh, at the expense of increased computational time.   
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Figure 6.2 FEA validation under normal load: (a) analytical and (c) FEA compressive 
principal stress; (b) analytical and (d) FEA von Mises stress (R = 0.5 μm, δy = 5 nm). 
Units are in GPa  
 
6.2.2 Multilayer Thin-film Mechanical Properties 
A typical thin-film layout of an aluminum substrate perpendicular recording 
magnetic storage disk is depicted in Fig. 2.2. On top of the aluminum substrate there is a 
10 μm thick Ni-P layer, which is referred to as substrate in this study.  This assumption is 
justifiable as the Ni-P thickness is orders of magnitude larger than the top magnetic layers.  
For the loads and penetration depths investigated in this work, it was found that only part 
of the Ni-P layer needs to be considered as the substrate. Hence a Ni-P layer of thickness 
656 nm was used as the substrate. More discussion about the multilayer thin-film layout 
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and mechanical property determination can be found on Chapter 2. From the 
nanoindentation measurements the reduced elastic modulus Er, and hardness H were 
obtained as a function of the contact depth hc similar to the curves observed in Fig. 2.3. 
Thus Er and H values were obtained at ranges of contact depths hc where different thin-
films exist and an average value of Er and H was determined for each film as shown in 
Table 6.1. The thin-film layers are assumed to have an elastic-perfectly plastic material 
behavior. Thus to model this reduced elastic modulus Er and yield strength σY are 
required. But O-P based nanoindentation method does not provide a direct estimate of the 
σY of the material, which is needed for the FEA model, one could use Tabor’s (Tabor 
1951) empirical relationship between σY and H (which for ductile materials is H ~ 3σY).  
We can reasonably use this relationship to obtain σY for the crystalline thin-film layers 
except DLC, as it is a hard, amorphous, and brittle material. For very hard materials like 
diamond, Robertson (Robertson 2002) observed that H ~ 1.8σY, which is adopted in this 
work for relating σY to H for DLC.   
Table 6.1 Material properties measured using nanoindentation 
 
Properties 
Er 
(GPa) 
σY 
(GPa) ν 
Thickness 
(nm) 
DLC 250 13 0.24 4 
Mag 150 3.4 0.3 16 
IL 135 3.9 0.3 28 
SUL 120 3.7 0.3 64 
Ni-P 150 2.8 0.31 656 
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The von Mises yield criterion (onset of yield occurs at a point when the von Mises 
equivalent stress is equal to the yield strength σY of the material) was used in the analysis 
to determine yielding of the different layered materials, except DLC, as this failure 
criterion is only applicable to ductile material failure (Dowling 2006). DLC is amorphous 
and expected to exhibit brittle fracture, thus the maximum normal stress fracture criterion 
was used (σY is effectively a fracture stress σf). In the maximum normal stress fracture 
criterion, the material is assumed to fracture once σf reaches the maximum value of one 
of the principal stresses (σ1, σ2, or σ3). It will later be seen that this criterion was not 
needed to be applied separately in the finite element simulations since the maximum 
values of the principal stresses in the DLC layer did not exceed σf  (for the parametric 
cases investigated in this work). 
6.2.3 Sliding Contact Loading   
The simulations were quasi-static in nature and thus the displacements and loads 
were applied incrementally. A sliding contact cycle consists of 3 Steps, as follows:  
Step-1: applied normal displacement of the rigid surface into the thin-film half-space; 
Step-2: sliding of the rigid surface for a distance of 400 nm with the normal displacement 
held constant; and  
Step-3: removal of the applied normal displacement.  
Step-1 allowed the examination of the effect of pure normal loading on the thin-
films. Step-2 resulted in gross sliding of the rigid surface as it was basically an applied 
lateral displacement with the applied normal displacement held constant. In Step-2 a 
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sliding distance of 400 nm was chosen because it was determined that this was enough 
distance where the stress field caused by gross sliding becomes stable. Once gross sliding 
commences and the cylinder slides away from the contact radius where initial normal 
load is applied, the stresses in the thin-film layers under the cylinder will be the same for 
as much distance the sliding is taking place irrespective of the distance slid.  In Step-3, 
the applied normal displacement on the rigid surface (which was farther away from 
where the initial normal displacement was applied) was removed so that the residual 
stress behavior of the thin-film system could be studied in detail. The effect of repeated 
sliding contact was also examined by performing Step-1 to Step-3 on the same region for 
two additional cycles. Thus a total of three sliding contact cycles were applied to examine 
whether each individual layer’s behavior showed a tendency for elastic shakedown, 
plastic shakedown or ratchetting.  
The applied normal displacements δy used in the analysis were 5 nm and 10 nm. 
These displacements were chosen such that the penetration is sufficiently deep to include 
the effects of the sub-surface thin-film layers present and allow the examination of 
elastic-plastic contact effects on these layers. 
6.3. Results, Analysis and Discussion 
6.3.1 First Sliding Cycle 
Figure 6.3, shows the plot of the in-situ friction coefficient μ0 in Fig. 6.3(a) and 
lateral load Q in Fig. 6.3(b) as a function of the lateral displacement δx during lateral 
sliding (Step-2). It has to be noted that μ0 is assumed to be equal to the ratio of Q and 
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normal load P i.e. μ0 = Q/P (Lee et al. 2007). As the cylinder starts to slide over the thin-
film half-space, the μ0 starts to increase from a very low value to the limiting friction 
value of μ  = 0.5. This initial rapid increase occurs over a net lateral displacement of ~ 2 
nm (which is termed as the region of microslip), after that friction coefficient becomes 
steady. This clearly indicates that gross sliding state is attained very quickly after which 
there will be gross sliding of the cylinder over the surface. As can be seen in Fig. 6.4, the 
resulting stresses of the half space are depicted under the influence of sliding scratch 
loading (Step-2 of sliding cycle) for R = 0.5 μm, δy = 5 nm and μ = 0.5. Since the focus 
of this work is to examine the effect of sliding, the first step of pure normal loading will 
not be discussed in detail, however the maximum stress results for each of Steps 1, 2 and 
3 are summarized later in the paper. In Step-2, the cylinder was moved laterally over the 
deformable body with the applied normal displacement from Step-1 (held constant at δy = 
5 nm). By using this condition, it is possible to examine the effect of lateral surface 
traction on the contact behavior of the different multilayers. Once gross sliding starts, it 
was observed that the ratio of tangential force to normal force (μo) remains constant and 
is equal to μ. As expected, the stress field moves closer to the surface during sliding 
compared to pure normal loading (Hamilton 1983). This means that during sliding, the 
important top layers are subjected to higher stresses increasing the likelihood of damage. 
Once gross sliding commences, the stress field in the multilayer surface under the 
cylinder remains constant.  
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Figure 6.3 Evolution of friction-related parameters due to sliding contact during step 2 (a) 
in-situ friction i.e Q/P ratio (b) Lateral load Q 
The von Mises stress contour is shown in Fig. 6.4(a), where we can clearly 
observe that the highest stresses are occurring in front of the cylinder and close to the 
surface on the DLC. The highest value is 9.05 GPa, (the DLC behavior is still within the 
elastic range and has not yet failed). The MAG layer underneath the DLC has just yielded 
plastically since the von Mises stress value is equal to σY of MAG layer i.e., 3.4 GPa. The 
layers under the MAG layer have not yielded plastically for the applied loading condition. 
Figure 6.4(b) plots the tensile principal stress σ1 during sliding; showing that a significant 
amount of tensile stress exists near the trailing edge of the cylinder, whose highest value 
is 4.57 GPa. Due to such tensile stresses there is a possibility of nucleation and 
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propagation of cracks in thin-film materials (Bull 1997). Tensile stresses are also 
important since they can initiate ring cracks on the DLC near the wake of the rigid 
cylinder (Lawn 1992).  
The compressive principal stress σ3 can be seen in Fig. 6.4(c). The highest 
stresses in the multilayers are near the surface and on the front of the rigid cylinder. The 
highest magnitude of σ3 is 12.14 GPa and the failure stress σf of DLC is 13 GPa, thus the 
highest compressive principal stress value indicates that DLC is fairly close to failure but 
has not yet failed. The σxy plot (S12 in figure) after Step-2 is shown in Fig. 6.4(d), where 
it can be seen that the positive shear stress which occurs in front of the cylinder moves on 
to the surface while the negative shear stress in the wake of the cylinder remains below 
the surface. Since there are both positive and negative shear stresses during the sliding 
stage, DLC and part of MAG layer will experience a stress reversal during the sliding 
process, where a given area will first experience positive shear stresses followed by 
negative shear stresses. Since this stress reversal process is coupled with plastic 
deformation there will be an offset in the stress-strain cycle so that the strain is not 
completely reversed upon the passage of the sliding load resulting in the development of 
continually increasing residual strain (Johnson 1985). 
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Figure 6.4 Stress contours after sliding, Step-2 (R = 0.5 μm, δy = 5 nm, μ = 0.5): (a) von 
Mises (b) tensile principal (c) compressive principal (d) shear. Units are in GPa 
In Step-3 of the sliding cycle, the applied normal displacement on the rigid 
cylinder is removed gradually until there is no load on the thin-film half-space. Analysis 
of this step allows the examination of residual stresses and deformations after the sliding 
on the thin-film material. Figure 6.5(a) plots the residual von Mises stresses after Step-3 
is completed. A uniform residual stress (~ 1.59 GPa) can be observed in the MAG layer 
over the sliding region. A higher residual stress of 3.14 GPa can be observed at the DLC-
MAG interface (on the DLC) in front of the rigid cylinder near the region where 
unloading occurred. This is critical because this region has a high probability of acting as 
an initiation site for interfacial cracks causing delamination of the thin-film. A residual 
stress of much lower magnitude is also observed at the MAG-IL interface, which is 
caused by the plastic deformation of the MAG layer. This could also be critical 
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depending on the adhesive strength of MAG-IL interface. The residual σ1 plot is shown 
in Fig. 6.5(b) where the highest residual stress in the MAG layer is 1.81 GPa and occurs 
in the DLC-MAG interface (on the MAG layer side) in front of the rigid cylinder. Figure 
6.5(c) depicts σ3, which has a maximum value of 3.54 GPa. This also occurs in the DLC-
MAG interface (DLC side) in front of the rigid cylinder, but it is further below the 
location where the highest σ1 occurs. The residual σxy contour is plotted in Fig. 6.5(d), 
where maximum positive shear stress of magnitude 0.42 GPa occurs at the DLC-MAG 
interface in front of the cylinder, while a negative shear stress of a lower magnitude (0.29 
GPa) occurs at the DLC-MAG interface beneath the cylinder. These shear stresses could 
result in the generation of interfacial shear cracks and consequently resulting in 
interfacial debonding during sliding (Bull 1997). 
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Figure 6.5 Residual stress contours after unloading, Step-3 (R = 0.5 μm, δy = 5 nm, μ = 
0.5): (a) von Mises (b) tensile principal (c) compressive principal  (d) shear.  Units are in 
GPa 
6.3.2 Effect of Contacting Radius of Curvature 
Two different radii of curvature R = 0.5 μm (discussed in Sec. 6.3.1.) and 1 μm 
have been studied maintaining μ = 0.5 and δy = 5 nm. For comparison, the maximum 
values for von Mises stress (σVM), tensile principal (σ1), compressive principal (σ2) and 
shear stress (σxy) for each loading Step when R = 0.5 μm and 1 μm, are presented in Figs. 
6.6(a)-6.6(d). Fig. 6.6(a) shows that on doubling R, the von Mises stress reduces by 
approximately 50% after pure normal loading (Step-1) and sliding (Step-2). There is also 
no plastic yielding on any layer when R = 1 μm as it can be seen that after unloading 
(Step 3) there are no residual stresses present. Fig. 6.6(b) depicting σ1 shows that there is 
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a slight decrease in its magnitude especially after Step-2, but the difference is small. 
Hence R does not have a significant effect on the tensile stresses in the half-space. The 
maximum σ3 shown in Fig. 6.6(c) indicate that there is a sudden decrease in the 
magnitude during sliding when R is increased compared to the corresponding values for 
pure normal loading. The effect of R on maximum shear stress σxy can be seen in Fig. 
6.6(d) and maximum σxy also decreases as R increases. 
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Figure 6.6 Effect of R on the resulting stresses after sliding, Step-2 (δy = 5 nm, μ = 0.5): 
(a) von Mises (b) max. tensile principal (c) max. compressive principal (d) shear 
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6.3.3 Effect of Friction Coefficient 
To study the effect of friction, two different values, μ = 0.25 and 0.5, were chosen 
with the remaining parameters being kept constant (R = 0.5 μm, δy = 5 nm). The 
comparison plots are shown in Fig. 6.7. As expected, all stresses during Step-1 are 
minimally affected by the change in μ  (Johnson 1985). Once sliding commences (Step 2), 
the σVM stress increases by approximately 100% (Fig 6.7(a)) for the two μ values. The σ1 
stress (Fig. 6.7(b)) is also considerably affected and increases by 100% as μ increases 
once sliding commences indicating that friction plays an important role in generation of 
wake ring cracks during sliding. σ3 (Fig. 6.7(c)) and σxy (Fig. 6.7(d)) also increase with 
an increase in μ, but not as sharply as in Fig. 6.7(b). During the sliding Step-2, the 
relative increase in σ3 and σxy is ~60 % and ~35 % respectively.  
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Figure 6.7 Effect of μ on the resulting stresses after sliding, Step-2 (R = 0.5 μm, δy = 5 
nm): (a) von Mises (b) max. tensile principal (c) max. compressive principal (d) shear 
 
6.3.4 Effect of Normal Loading Magnitude on Sliding Contact Behavior  
The applied normal displacement δy = 5 nm, corresponding to an equivalent 
applied line load of 0.3 μN/nm was used above and was observed that the critical high 
stress zone was within the first two top layers (DLC and MAG layers). For a 1, 10 and 
100 μm long edge impacts, the corresponding contact forces are 0.3, 3 and 30 mN, 
respectively. As there are two additional layers (IL and SUL) beneath the top layers, it 
would be interesting to investigate higher loading stresses using δy = 10 nm which 
corresponds to a line load of 0.76 μN/nm (R = 1 μm and μ = 0.25).  
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Figures 6.8(a)-6.8(d) depict the σVM, σ1, σ3 and σxy stresses respectively at the end 
of Step-2 for R = 1 μm, δy = 10 nm and μ = 0.25. The von Mises stress in Fig. 6.8(a) 
indicates that stresses ~ 3.7 GPa (σY of SUL) occur at the IL-SUL interface, indicating 
that SUL has yielded plastically. Figure 6.8(b) shows σ1 magnitude of 3.37 GPa 
occurring near the wake of the rigid cylinder. σ3 of magnitude 8.43 GPa occurs in the 
DLC slightly in front of the cylinder as shown in Fig. 6.8(c). There is a slight increase in 
the highest positive σxy value after sliding as shown in Fig. 6.8(d). We can also observe 
that positive σxy moves slightly towards the surface even though it is mostly concentrated 
in the MAG-IL and IL-SUL interfaces.  
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Figure 6.8 Stress contours after sliding, Step-2 at higher load (R =1 μm, δy = 10 nm, μ = 
0.25): (a) von Mises (b) tensile principal (c) compressive principal (d) shear. Units are in 
GPa 
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Residual stresses (Step-3) are shown in Figs. 6.9(a)-6.9(d). Residual σVM (Fig. 
6.9(a)) show a maximum value of 0.21 GPa occurring in the MAG-IL interface. Smaller 
magnitude of residual σVM can also be observed in the SUL near the IL-SUL interface. 
The plot of residual σ1 (Fig. 6.9(b)) indicates that the maximum value occurs in the MAG 
layer close to the IL with a value of 0.14 GPa. Figure 6.9(c) shows residual σ3, where it is 
negligible (~ 0.02 GPa) and occurs in the IL near the MAG-IL interface. The highest 
residual σxy (Fig. 6.9(d)) is also negligible (~ 0.08 GPa). 
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Figure 6.9 Residual stress contours after unloading, Step-3 at higher load (R = 1 μm, δy = 
10 nm, μ = 0.25): (a) von Mises (b) tensile principal (c) compressive principal (d) shear. 
Units are in GPa 
The comparison between δy = 5 nm and 10 nm is shown in Fig. 6.10. There is a 
marginal increase in the maximum values in Figs. 6.10(a), 6.10(c) and 6.10(d) 
 
 
 
 
 
 
 
162 
corresponding to the maximum values for σVM, σ3, and σxy in all three Steps. The highest 
σ1, Fig. 6.10(b), showed a 50% increase during Step-2. The effect of normal loading is 
better analyzed by examining the location of the higher stress distribution in the thin-film 
half space rather than examining the highest values. As seen earlier, for a lower normal 
load, the DLC-MAG and MAG-IL are more prone to damage. As normal load increases, 
the stress field moves deeper and thus the MAG-IL and IL-SUL interfaces become more 
critical.  
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Figure 6.10 Effect of normal load (δy = 10 nm) on the resulting stresses after sliding, 
Step-2 (R = 0.5 μm, μ = 0.5): (a) von Mises (b) max. tensile principal (c) max. 
compressive principal (d) shear 
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6.3.5 Effect of Repeated Sliding Contact 
Repeated sliding contact behavior of materials undergoing permanent deformation 
can be broadly classified into three different kinds (Johnson 1985; Wong et al. 1997), as 
depicted schematically in Fig. 6.11. Elastic shakedown is a process in which plastic flow 
might occur in the first few cycles, eventually resulting in purely elastic response due to 
the influence of residual stresses, strain hardening and plastic deformation. Load 
conditions above this elastic shakedown limit can either result in a stabilized and closed 
cycle of plastic strain, which is known as plastic shakedown or a continuous and 
repetitive accumulation of plastic strain, known as ratchetting. It is important to 
understand the repeated sliding behavior of multilayer thin-films to analyze if the loading 
conditions would result in eventual shakedown to pure elastic behavior or stabilized 
plastic deformation or incremental plastic deformation.  
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Figure 6.11 Schematics of repeated stress behavior of elastic-plastic materials: 
Shakedown 
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Elastic and plastic shakedown limits are expressed as a function of the maximum 
contact pressure divided by the shear strength of the material, and friction coefficient μ. 
Note that the shear strength of a ductile material can be approximated at 0.58σY based on 
the von Mises yield criterion if direct measurements of shear strength are not available. 
The shakedown limits for repeated sliding of a rigid cylinder on an elastic-plastic half 
space were first reported by Johnson (Johnson 1992). Shakedown limits are well 
established analytically for materials with uniform mechanical properties based on 
shakedown plasticity theory. For multilayer materials, as is the case in this work, a 
unified analytical shakedown limit map is difficult since it also depends on the layer 
thicknesses and the variation in the mechanical properties. In this regard FEA can be used 
to perform repeated sliding of a rigid cylinder on a multilayer half-space to investigate 
their shakedown behavior under varied loading conditions.  
The effect of repeated sliding on the multilayer thin-film is examined by repeating 
the sliding contact cycle (Step-1 to Step-3) two more times. This will enable us to 
examine the evolution of critical parameters like stresses, strains and deformation when 
subjected to repeated loading. Earlier publications dealing with repeated loading of thin-
films only considered two sliding cycles due to computational constraints. In this work, a 
total of three sliding cycles were implemented so that there is enough information to 
evaluate the shakedown behavior of the thin-films. Repeated sliding contact simulation 
results of four different loading conditions (summarized in Table 6.2) are presented. The 
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equivalent plastic strain εpeq and net forward material displacement dx will be examined 
to assess the repeated sliding behavior of the multilayer half-space.  
The εpeq contours for all four cases after the end of the first sliding cycle are 
presented in Fig. 5.12. The εpeq for case 1 (Fig. 6.12(a)), is very low with a maximum 
value of 3.22×10-4 or 0.032 % occurring in the MAG layer at the MAG-DLC interface 
which indicates that the material just yielded.  In case 2, where μ = 0.5, the highest εpeq 
(8.9 %) occurs again in the MAG layer near the MAG-DLC interface as shown in Fig. 
6.12(b). However we also observe that most of the MAG layer has undergone permanent 
plastic deformation. In case 3, where the normal load is higher (δy = 10 nm) with a larger 
cylinder (R = 1 μm) and lower friction (μ = 0.25), the higher stresses occur deeper in the 
deformable half space compared to cases 1 and 2. Figure 6.12(c) indicates that εpeq occurs 
in the lower half of the MAG layer with a value 0.4% in the MAG layer close to the 
MAG-IL interface. εpeq of a lower magnitude is also observed in the SUL at the IL-SUL 
interface, but it could be considered negligible as repeated sliding contacts might not 
influence it.  For the same higher normal load and cylinder radius as in case 3, the effect 
of higher friction (μ = 0.5) is examined in case 4 (Fig. 6.12(d)). Maximum εpeq is very 
large at 49% and occurs in the MAG layer close to the MAG-DLC interface, with the 
MAG layer being deformed plastically through its whole thickness. 
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Figure 6.12 Equivalent plastic strain εpeq (PEEQ) contours after unloading, Step-3: (a) 
case 1 (b) case 2 (c) case 3 (d) case 4.  Refer to Tables 2 and 3 for specific conditions 
The magnitude of maximum εpeq and maximum dx for the four cases considered 
above are summarized in Table 6.2 for all three sliding cycles. Table 6.3 presents the 
percentage differences of εpeq and dx for the second and third cycles with respect to the 
corresponding values from the first cycle. Based on these results, the shakedown behavior 
for different loading conditions can be deduced. For case 1, the net plastic strain is low 
and after the second cycle it remains constant (see Table 6.3). This means that elastic 
shakedown has occurred after only one sliding cycle and repeated sliding behavior of 
multilayer half-space hereafter will remain elastic. For case 2, (same conditions as case 1 
but higher friction coefficient) will result in higher εpeq and dx magnitudes. The 
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percentage change in εpeq for the second and third sliding cycles is 79% and 147% 
respectively, compared to the first cycle. Correspondingly the percentage increase in dx is 
93% and 167% with respect to the first cycle. This shows that case 2 is close to 
ratchetting behavior where there is incremental plastic deformation with each loading 
cycle. However, the amount of increase in the strain and deformation is slightly 
decreasing with each loading cycle which implies that eventually this loading condition 
might stabilize to elastic shakedown. However, based on the magnitude of the quantities 
involved it appears that it might take a high number of loading cycles to shakedown by 
which time other modes of failure related to fracture might occur.  
In case 3, the percentage changes in εpeq in the second and third cycles is 59% and 
94%. Corresponding percentage changes for dx are 43% and 65%. This situation also 
indicates that after some cycles there might be elastic shakedown in a much shorter cycle 
compared to case 2.  On repeated sliding in case 4, it can be observed that εpeq and dx 
values are high even after the first cycle (Table 6.3). The percentage changes in εpeq in the 
second and third cycles are 104% and 244% respectively. Similarly dx is 109% and 220%. 
The quantities are increasing very rapidly for each cycle which indicates that this 
situation exhibits ratchetting behavior and will result in catastrophic failure very quickly.  
 
 
 
 
 
 
 
 
 
 
 
168 
Table 6.2 Maximum equivalent plastic strain εpeq and forward displacement dx 
First Cycle Second Cycle Third Cycle  
Case 
R 
(μm) 
δy 
(nm) μ εpeq dx(nm) εpeq dx(nm) εpeq dx(nm) 
1 0.5 5 0.25 3.2e-4 1.4e-3 3.3e-4 1.4e-3 3.3e-4 1.4e-3 
2 0.5 5 0.5 8.9e-2 6.4e-1 1.6e-1 1.23 2.2e-1 1.69 
3 1 10 0.25 4.e-3 3.4e-2 6.4e-3 4.9e-2 7.8e-3 5.6e-2 
4 1 10 0.5 0.49 7.6 1 15.9 1.69 24.3 
 
 
Table 6.3 Percentage change in εpeq and dx compared to the first sliding cycle 
% Change: Second 
Cycle 
% Change: Third 
Cycle R (μm) δy(nm) μ 
εpeq dx(nm) εpeq dx(nm) 
0.5 5 0.25 3.12 2.14 3.12 2.14 
0.5 5 0.5 79.78 93.40 147.19 165.72 
1 10 0.25 58.60 43.40 93.52 65.40 
1 10 0.5 104.08 109.47 244.90 219.74 
 
From the above analysis it can be deduced that at low friction and low normal 
load the multilayer half space would shakedown elastically almost immediately, which is 
very desirable. At higher friction values, even at low loads, sizeable plastic deformation 
was observed which was close to ratchetting but will eventually shakedown elastically 
after a high number of loading cycles. When normal load was increased with a relatively 
lower friction, the plastic strain was relatively low and the deformation characteristics 
indicate that elastic shakedown will also eventually occur. When both the friction and 
normal load are high, very large εpeq and dx were observed with ratchetting occurring on 
cyclic loading, which means the material will fail catastrophically very quickly.  
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6.4. Summary 
Plane strain elastic-plastic sliding contact of a multilayer thin-film half space was 
analyzed using FEA. The nanomechanical properties of a typical magnetic storage thin-
film multilayer disk were obtained using sub-nanometer nanoindentation experiments and 
were used for the analysis. The main modes of failure during sliding contact were 
examined using different stresses as well as the maximum equivalent plastic strain.  
Based on a parametric study of the effect of cylinder radius of curvature, friction 
coefficient and normal load, a decrease in the radius of the cylinder and/or increase in 
friction coefficient resulted in considerable increase in the stresses during sliding contact. 
The increase in normal load did not result in a considerable increase in the stresses; 
however, the stress field was larger and spread deeper into the half-space, which resulted 
yielding of the underlayers. Using repeated sliding contact analysis, the shakedown 
tendencies of the thin-film layer structure was established for different conditions: Low 
friction and low normal load (for a given radius of curvature) resulted in immediate 
elastic shakedown after only one sliding cycle. High friction and low normal load with 
smaller radius or low friction-high normal load with larger radius indicated long term 
elastic shakedown behavior. High friction-high normal load with larger radius indicated 
that ratchetting would occur in the thin-film half space.  
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7. Experimental and FEA Scratch of Magnetic Storage Thin-
film Disks to Correlate Magnetic Signal Degradation with 
Permanent Deformation 
7.1. Introduction 
In Chapter 6, plane strain sliding scratch of multilayer magnetic storage thin-films 
was analyzed and parametric study of different contact parameters was performed. But, 
experimental validation of the plane strain model was not viable and hence not performed. 
In this chapter, to perform both experimental and FEA studies, controlled nanoscratch of 
the multilayer magnetic disk was performed. Through this process we can not only 
examine the stresses in thin-film structure but also correlate magnetic erasures to thin-
film damage.  
To obtain the stress and strain fields on a thin-film magnetic disk, the nanoscratch 
process can be simulated using FEA, as analytical solutions accounting for plastic 
deformation during scratch of multilayered systems are not available. Limited thin-film 
scratch or sliding contact analysis using FEA has been reported in the literature, e.g., 
(King 1987; Tian & Saka 1991a; Tian & Saka 1991b; Kral & Komvopoulos 1996). In 
these works, systems with one and at most two thin-film layers on a substrate were 
studied which enabled better understanding of the scratch process. In the present work an 
FEA solver, ABAQUS/Standard was utilized to analyze multilayer thin-film nanoscratch 
behavior. The mechanical properties used in the model were measured from a typical 
PMR media sample (Fig. 2.2) using a nanoindentation method described in Chapter 2. 
The nanoscratch experiments were performed with an instrumented nanoscratch system 
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(Hysitron Inc., 2007) using different size indenters. The physical damage was identified 
using an Optical Surface Analyzer (OSA) and measured using Atomic Force Microscopy 
(AFM). The same experimental loading conditions were simulated in the FEA model to 
determine the damage and also obtain the resulting stress, strain and deformation fields. 
7.2. Nanoscratch Experiments 
Controlled nanoscratch experiments were performed on typical Aluminum-based 
substrate based PMR disk samples with a thin-film layout as shown in Fig. 2.2. The 
experiments were performed at low sliding speeds so that dynamic effects and frictional 
heating on the resulting deformation could be ignored. The instrumented scratch system 
has a force resolution of 100 nN and a displacement resolution of 0.2 nm (Hysitron Inc., 
2007). It consists of a three plate capacitive load transducer, a diamond tip indenter, an 
optical microscope and associated hardware. Three different indenter tips were selected 
to perform the experiments: a Berkovich indenter (designated as tip A) and two 
conospherical indenters, all of which have a rounded tip at the end. The radius of the 
Berkovich tip was 240 nm, and the radii of the two conospherical tips were 633 nm (tip 
B) and 5.2 μm (tip C). Scratch damage of the thin-film layers was achieved at lower 
applied loads using the sharper tip A. Larger tip radii were also used so that the thin-film 
disk could be subjected to higher nanoscratch loads to observe whether magnetic erasures 
could occur due to MAG layer damage without observable physical damage on the 
surface.  
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In the nanoscratch experiments, the maximum load applied for each indenter tip is 
such that the contact remained only in the spherical region of these tips. This is important 
in the FEA model where a rigid diamond sphere is used for scratching a deformable body. 
The applied normal loads P used for tip A were 20, 40, 60 and 80 μN. The normal loads 
applied were 40, 60, 80 and 100 μN for tip B, and for tip C the applied normal loads were 
4 and 9 mN. A typical nanoscratch experiment was performed as follows:  
Step-1: Application of pre-described normal load; 
Step-2: With the normal load held constant, displace the indenter tip for ~ 8 μm laterally; 
and Step-3: Remove the applied normal load.  
Note that two nanoindentation experiments with normal loads of 500 μN (for tip 
A), 750 μN (for tip B) and 9 mN (for tip C) were performed 1-2 μm away from the start 
and end each scratch.  These nanoindentation marks were used as markers to clearly 
distinguish the experimental scratches from any other scratches which were pre-existing 
or made unintentionally during handling of the samples. The load application was 
incremental and at very low speed, thus it can be considered a quasi-static loading 
situation.  
The maximum in-situ scratch depths were measured directly from the nanoscratch 
instrument, and the residual scratch depths were measured using DI Dimension AFM. 
Typical AFM images of the scratched regions on the disk are shown in Figs. 7.1-7.5. 
Figure 7.1(a) shows an AFM image of two scratches using tip A at P = 60 μN and 80 μN. 
Figures 7.1(b) and 7.1(c) shows cross sections of the scratches in Fig. 7.1(a) from which 
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the residual scratch depth is obtained. In this figure we also observe the nanoindentation 
marks at the edges of the nanoscratches. Similarly the AFM images of the nanoscratches 
and their cross-sections are shown in Figs. 7.2 to 7.5.  
 
nm
P = 80 μN P = 60 μN
(a)
(b)
(c)
 
Figure 7.1 AFM image of two nanoscratches with tip A (R = 240 nm): (a) Overall top 
view; (b) and (c) Cross-sectional views of the scratches in (b) 
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P = 40 μN
P = 20 μN
(a)
(b)
(c)
 
Figure 7.2 AFM image of two nanoscratches with tip A (R = 240 nm): (a) Overall top 
view; (b) and (c) Cross-sectional views of the scratches in (b) 
P = 60 μN
P = 80 μN
(a)
(b)
(c)
 
Figure 7.3 AFM image of two nanoscratches with tip B (R = 633 nm): (a) Overall top 
view; (b) and (c) Cross-sectional views of the scratches in (b) 
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P = 60 μN
P = 80 μN
(a)
(b)
(c)
 
Figure 7.4 AFM image of two nanoscratches with tip B (R = 633 nm): (a) Overall top 
view; (b) and (c) Cross-sectional views of the scratches in (b) 
 
 
P = 9000 μN
(a)
(b)
 
Figure 7.5 AFM image of two nanoscratches with tip C (R = 5.2 μm): (a) Overall top 
view; (b) and (c) Cross-sectional views of the scratches in (b) 
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7.3. Nanoscratch Simulation using FEA 
7.3.1 FEA Model 
The finite element model consists of an analytical rigid surface with a given 
radius of curvature, representing the spherical tip of a diamond indenter scratching a 
deformable mesh, representing a layered thin-film half-space. The thin-film layered 
structure used in this work represents a typical PMR magnetic disk with similar layer 
thicknesses as shown in Fig. 2.2. The deformable mesh is made of 8-node trilinear 
hexahedral elements with full integration. Two different FEA models were utilized; a 
smaller dimension model shown in Fig. 7.6(a), which will henceforth be referred to as 
model-1, was used to analyze the cases for the smaller tips A and B. The larger 
dimension model (model-2) was used to analyze the case for larger tip C since the contact 
region in this case is significantly larger than in model-1 and is shown in Fig. 7.6(b). The 
dimensions of the mesh in model-1 were 800 nm × 572 nm × 500 nm (X, Y and Z 
directions respectively) with the finest mesh close to the contact region and coarsest mesh 
away from the region of interest. The smallest element size used in model-1 was 2 nm x 2 
nm x 2 nm (Fig. 7.3) and the model contained 123,825 elements and 136,640 nodes. The 
dimensions of the mesh in model-2 were  3200 nm × 2292 nm × 1600 nm (X, Y and Z 
directions respectively), where the smallest elements were 4 nm × 4 nm × 8 nm and were 
present close to the contact region. In this case there were 131,750 elements and 150,048 
nodes. 
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NiP ~ 480 nm
DLC (4 nm)
MAG (16 nm)
IL (32 nm)SUL (64 nm)
(a)
 
IL (32 nm)
SUL (64 nm)
COC (4 nm)
Mag (16 nm)
NiP ~ 
2.176 μm
(b)
(b)
 
Figure 7.6 FEA mesh used for (a) tip A (R = 240 nm) and tip B (R = 633 nm) (b) tip C (R 
= 5.2 μm) 
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The exact multilayer magnetic storage thin-films are also represented on the mesh, 
as seen in Fig. 7.6. The mesh configurations for both models were tested for convergence 
by comparing with elastic Hertz contact solutions for a homogeneous material. Contact 
surfaces made from contact elements were defined on the analytical rigid surface and the 
top surface of the deformable mesh. During contact, the interpenetration of the surfaces 
and relative sliding were determined at these contact element integration points and 
“hard-contact” pressure-overclosure relationships were enforced to calculate the normal 
pressures (Abaqus Documentation, 2006). A constant friction coefficient model was 
employed to account for the friction at the contact interfaces. According to this model, as 
long as local shear stress τ is less than the critical shear stress τcrit = μp  where μ is the 
friction coefficient and p is the contact pressure, the contacting interfaces will stick 
(relative motion does not occur). This stick condition is approximated by stiff elastic 
behavior using a stiffness value such that relative tangential displacement is within the 
allowable maximum elastic slip. Once the critical shear stress is reached at a nodal point 
of the contact interface, slip occurs. The friction coefficient value, μ used in the model 
was 0.2 for tips A and B, and 0.06 for tip C, as measured from the nanoscratch 
experiments. Appropriate boundary conditions were applied to the models to ensure the 
deformable mesh simulates a half-space behavior: The rigid surface was constrained from 
rotating, the nodes on the left and right sides of the mesh were constrained from moving 
laterally, and the nodes at the bottom of the mesh were constrained from moving 
vertically. 
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7.3.2 Multilayer Thin-film Mechanical Properties and Loading Conditions 
Even though the substrate of the disk is aluminum-alloy, on which a thick Ni-P 
layer is deposited for strength, for the loads employed and the penetration depths 
involved in this work, modeling only part of the Ni-P layer as the substrate is sufficient. 
In model-1 (smaller dimension model), the substrate (Ni-P) was 480 nm thick, whereas in 
model-2 (larger dimension model), the substrate was 2.176 μm. In both models the stress 
field was well contained within these regions. Also in the FEA model, it was assumed 
that the films are perfectly bonded to each other and there are no transition interface 
layers between them. These simplifications were made since the focus of the work was to 
examine the behavior of the multilayer thin-films on being subjected to stress and 
compare the results with nanoscratch experiments.  
Properties of thin-films on substrates are different than bulk material properties. 
To obtain accurate thin-film properties, nanoindentation is commonly employed. A 
nanoindentation system using a specially developed sensitive transducer (Yu et al. 2005) 
for shallow indents and a commercially available Triboscope system (Hysitron Inc., 
2007) for deeper indents was used to obtain the mechanical properties of the different 
thin-film layers. For more discussion about the method of determination of the 
mechanical properties, refer to Chapter 2. Using nanoindentation measurements, the 
elastic modulus and hardness can be determined using the Oliver and Pharr method 
(Oliver & Pharr 1992). Thus the mechanical properties used for each layer are given in 
Table 7.1. The top DLC layer has the highest value since it is used as a protective layer. 
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The other thin-film layers MAG, IL and SUL have similar hardness values (or σY values 
close to 3 GPa). However, the Er values have higher differences between each layer.  
In addition to the reduced modulus and yield strength values for each layer, the 
effect of strain hardening in crystalline thin-film materials also needs to be considered. 
Though there have been recent works that use nanoindentation to extract strain hardening 
in bulk materials (using dimensional analysis e.g., Dao et al. (Dao et al. 2001) and 
Bucaille et al. (Bucaille et al. 2003)), this technique cannot readily be extended to obtain 
strain hardening in nanometer scale multilayer films (refer Chapter 2). In this work to 
account for strain hardening effects, a bilinear elastic-plastic material constitutive law 
with a tangent modulus ET was used, with the values as listed in Table 7.1. Due to the 
lack of data in the literature on strain-hardening behavior for the thin-films under 
consideration, the ET values used are commonly accepted values for similar alloys. As 
DLC is an amorphous and brittle material, it is not expected to strain harden. 
Table 7.1 Thin-Film Mechanical properties 
 
Properties 
Er 
(GPa) ν 
σY 
(GPa) 
Stress @ 
20% plastic 
strain (GPa) 
λ 
(ET=λEr) 
Thickness 
(nm) 
DLC 250 0.24 13 - - 4 
Magnetic Layer 
(MAG) 150 0.3 3.4 6.4 0.1 16 
Intermediate 
Layer (IL) 120 0.3 2.9 6.5 0.3 32 
Soft magnetic 
Underlayer (SUL) 110 0.3 3 6.3 0.3 64 
Ni-P 143 0.31 3.42 4.85 0.1 “Substrate” 
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As with the experiments, the nanoscratch simulations were also quasi-static in 
nature, thus the loads were applied incrementally. The FEA scratch process consists of 
the same three steps (Step-1 to Step-3) as performed in the nanoscratch experiments. 
From these simulations, we can obtain the effect of pure normal load on the thin-film 
structure at the end of Step-1. In Step-2 (nanoscratch step), the rigid surface is laterally 
moved over the thin-film surface for a distance of 400 nm with the applied normal load 
from Step-1 held constant. This step enables the examination of scratch loading effect. 
After Step-3 (unloading step), we obtain the residual stresses, strains and deformations. 
The applied maximum contact pressures po during Step-1 (Hertzian normal loading) and 
Step-2 (scratch) are shown in Table 7.2 for the different loading conditions. During the 
scratch process, depending on μ, po can increase considerably and the stresses that are 
deep underneath the surface during pure normal loading (Step-1) will move closer to the 
surface layers (Hamilton 1983). Since the MAG layer is one of the top-most layers, it will 
undergo higher stresses during scratching compared to pure normal loading. 
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Table 7.2 FEA contact pressures during normal loading (Step-1) and scratch (Step-2) 
Tip Load P (μN) Max. contact pressure po (GPa) : Step-1 
Max. contact pressure 
po (GPa) : Step-2 
A 20 8.05 9.06 
A 40 8.18 10.48 
A 50 8.41 11.15 
A 80 9.06 12.61 
B 40 6.48 6.54 
B 60 6.68 7.13 
B 80 6.85 7.77 
B 100 7.02 8.03 
C 4000 7.48 7.48 
C 9000 9.68 9.68 
 
7.3.3 Analysis of Critical Stresses 
The von Mises stress criterion is not an appropriate measure of failure for the top 
DLC layer since it exhibits brittle failure. Thus, in the case of the DLC layer the 
maximum normal stress theory is used, in which case if the maximum principal stress 
exceeds the yield strength, then failure is said to occur (Juvinall & Marshek 1991).  The 
maximum tensile principal stress contour at the end of scratch loading (Step-2) for tip A 
and P = 50 μN is shown in Fig. 7.7(a) where in the DLC layer it has a magnitude of 11 
GPa indicating that DLC has not failed (σY = 13 GPa). The maximum principal stress 
always occurs at the trailing edge of the contact, whereas the stress in the leading edge is 
always compressive. The von Mises stress contour for the same case at the end of Step-2 
is depicted in Fig. 7.7(b). The von Mises stress plots are shown with the DLC layer 
removed for better visualization of the stress in the MAG layer, i.e., the top-most layer in 
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the von Mises stress plot shown in Fig. 7.7(b) is the MAG layer. We observe that the 
MAG layer has yielded since the stress gradients are higher than 3.4 GPa (which is the σY 
of the MAG layer). The MAG layer has deformed permanently throughout its thickness 
for this particular loading, and the maximum stress occurs in the MAG layer close to the 
DLC-MAG interface.  
(b)
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0.001
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9.380
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Scratch direction
MAG
DLC
 
Figure 7.7 FEA stress contours for tip A (R = 240nm), P = 50 μN: (a) max. principal 
stress; (b) max. von Mises stress with DLC layer not shown for better visualization – 
Units: GPa  
The maximum tensile principal stress and maximum von Mises stress values 
occurring in the DLC, MAG, IL and SUL layers during normal and scratch loading steps, 
as well as the residual values after load removal are depicted in Figs. 7.8(a) and 7.8(b) 
respectively. Even though the highest stresses occur in the DLC, this layer does not fail 
as it has a high failure stress. In Fig. 7.8(a) we observe that residual stresses exist in the 
DLC layer which might imply that DLC might have failed, but on closer examination we 
find that since the MAG layer (which is right below the DLC layer) has yielded and 
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deformed significantly, it also induces residual stresses on the much thinner DLC layer. 
In Fig. 7.8(b), after the scratch loading step, we observe that the IL and SUL layers have 
also yielded since their maximum values are greater than their corresponding yield 
strengths (Table 7.1). This fact is reinforced by observing that high residual stresses exist 
in these layers as well (along with the MAG layer). 
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Figure 7.8 FEA stress magnitudes in each layer for tip A, P = 50 μN: (a) max. principal 
stress; (b) max. von Mises stress (see Table 7.1 for each layer’s yield strength value) 
Figure 7.9 shows the contour plots for tip B (R = 633 nm) and P = 100 μN. The 
maximum principal stress after scratch (Step-2) is 7.3 GPa and occurs in the DLC layer 
as seen in Fig. 7.9(a). The von Mises stress contour with the DLC layer removed is 
shown in Fig. 7.9(b).  The maximum von Mises stress after scratch loading occurs in the 
MAG layer and is 4.18 GPa. Even though the MAG layer yields through its thickness, the 
maximum stress occurs in the MAG layer at the interface of MAG and IL layers. Figures 
7.10(a) and 7.10(b) show the maximum tensile principal stress and maximum von Mises 
stress respectively, during each of Steps-1, 2 and 3. Also in this case, the magnitude of 
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von Mises stress in the MAG, IL and SUL layers is above their respective yield strengths 
as seen from Fig. 7.10(b). The residual stresses in the underlayers are also lower than the 
case with tip A (Fig. 7.8), even though the load was twice as much in this case.  
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Figure 7.9 FEA stress contours for tip B (R = 633 nm), P = 100 μN: (a) max. principal 
stress;  (b) max. von Mises stress (DLC layer not shown) – Units: GPa 
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Figure 7.10 FEA stress magnitudes in each layer for tip B, P = 100 μN: (a) max. principal 
stress (b) max. von Mises stress (see Table 7.1 for each layer’s yield strength value) 
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A larger scratch tip with R = 5.2 μm (tip C) was also used so that there will be a 
sufficiently large region stressed for easy experimental identification of the scratched 
region. The loads used were also higher at 4 mN and 9 mN. Figure 7.7 shows the contour 
plots of the critical stresses when P = 9 mN after scratch loading (Step-2). The maximum 
tensile principal stress on the DLC layer is 3.45 GPa (Fig. 7.11(a)) and the maximum von 
Mises stress indicates that the MAG layer has just yielded.  Note that the maximum von 
Mises stress of 6.1 GPa occurs in the Ni-P substrate (Fig. 7.11(b)). Figures 7.12(a) and 
7.12(b) show the maximum tensile principal stress and maximum von Mises stress 
respectively during each of Steps-1, 2 and 3. On examining Fig. 7.12(b), all the thin-film 
layers have yielded on the application of pure normal loading (Step-1) even before the 
scratch was initiated. On scratching there is a very slight increase in the corresponding 
stresses albeit not as high as in the other two cases depicted in Figs. 7.8 and 7.10. This is 
primarily because the interfacial friction in this case is lower at 0.06, compared to 0.2 as 
in the other cases with smaller tip radii. The residual von Mises stresses on the thin-film 
layers are also not as high as in the earlier cases which indicate that the layers barely 
yielded. However, we can observe that the residual stress values are gradually increasing 
as one moves deeper into the underlayers, which indicates that the highest stresses occur 
below the thin-film layers in the substrate, which is expected for a large tip radius. 
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Figure 7.11 FEA stress contours for tip C (R = 5.2 μm), P = 9 mN: (a) max. principal 
stress;  (b) max. von Mises stress (DLC layer not shown) – Units: GPa 
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Figure 7.12 FEA stress magnitudes in each layer for tip C, P = 9 mN: (a) max. principal 
stress; (b) max. von Mises stress (see Table 7.1 for each layer’s yield strength value)  
7.4. Comparison of Nanoscratch Experiments and FEA Results 
The maximum and residual scratch depths from the nanoscratch measurements 
were used to validate the FEA model. Figure 7.13 shows the comparison of the 
experimental and FEA scratch depths. Figure 7.13(a) depicts the maximum and residual 
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scratch depths for tip A and P = 20 μN, 40 μN, 50 μN and 80 μN. The FEA model 
slightly under-predicts the maximum scratch depths, especially at the higher load P = 80 
μN. The maximum difference between the model and experiment was ~20%. This could 
be attributed to the fact that the measured tip of the Berkovich indenter is assumed to be 
spherical and an average radius of curvature was fitted. In reality the Berkovich tip after a 
certain depth might not be purely spherical and there might be irregularities associated 
with blunting (Yu et al. 2004). Another reason for this difference could be errors in 
obtaining the exact thickness values and nanomechanical properties of the thin-film 
layers and the absence of more accurate strain hardening data.  Despite this difference, 
the FEA model captures both the maximum scratch as well as the residual depths fairly 
well.  
Figure 7.13(b) is a comparison plot of the scratch depths for tip B (R = 633 nm) 
and P = 40 μN, 60 μN, 80 μN and 100 μN. As with tip A, the experimental data were 
found to correlate well with the FEA model results. Similarly in Figure 7.13(c), the same 
comparison was made for tip C (R = 5.2 μm) and P = 4 mN and 9 mN. Note that for this 
large tip case, most of the contact will be dominated by the substrate, though the 
important top layers will also be stressed. For this case there is also a good comparison 
between the FEA model and experiments (though the FEA model slightly overpredicts 
the maximum scratch depths).  
The above analysis using three different scratch tips and different load levels 
ensured that the different layers of the thin-film disk were stressed. In further analysis, 
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the case with larger tip of R = 5.2 μm will not be discussed since the substrate dominated 
the scratch behavior. Practically, this also implies that if the slider feature or the asperities 
on the slider which come in contact with the disk have a radius of the order of 5 μm or 
larger, then it will most likely not cause damage to the MAG layer, since higher stresses 
occur in the substrate. 
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Figure 7.13 (contd. on next page) 
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Figure 7.13 Comparison of nanoscratch FEA vs. experimental maximum and residual 
penetration depths: (a) tip A, R = 240 nm; (b) tip B, R = 633 nm; (c) tip C, R = 5.2 μm 
7.5. Permanent Media Deformation and Magnetic Erasures 
Lee et al. (Lee et al. 2009) experimentally showed that the width of the sub-
surface region where the magnetic signal was degraded due to mechanical scratch (found 
through magnetic force microscopy), was larger than the measured residual mechanical 
scratch. They postulated that the plastic strain in the MAG layer is the cause for the 
magnetic erasures, since it can extend beyond the edges of the physical scratch in the 
MAG layer. To support this postulate, they performed cross-sectional transmission 
electron microscopy of a PMR disk which was scratched using a Berkovich indenter at a 
normal load of 50 μN. Referring to Fig. 8 in (Lee et al. 2009), sub-surface permanent 
damage could be observed in the MAG layer due to the scratch process, indicating that 
the media ferromagnetic properties were altered by the induced plastic strains. However 
the region (width) over which the permanent deformation occurs could not be directly 
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obtained through in-situ experimental analyses. Furukawa et al. (2008) examined scratch 
induced demagnetization and concluded that it was caused when there was permanent 
deformation, which resulted in grain tilt in the MAG layer. This means that there should 
be permanent lateral deformation in the sub-surface MAG layer in the direction of the 
scratch. In this work, we examine the contours of permanent lateral deformation (in the 
scratch X-direction) and the maximum equivalent plastic strain (denoted as PEEQ) 
obtained from the FEA simulations to validate the experimental data and proposed 
postulates (Furukawa et al. 2008; Lee et al. 2009).   
Figures 7.14(a) and 7.14(b) plot the maximum equivalent plastic strain (PEEQ) 
for tip A with P = 50 μN and tip B with P = 100 μN respectively at the end of the scratch 
(Step-2). For better visualization of the sub-surface MAG layer, the DLC layer has been 
removed from view. In Fig. 7.14(a), the maximum plastic strains are in the MAG layer at 
the interface of the DLC and MAG layers and the maximum value is 0.27 or 27%. In Fig. 
7.14(b) we can clearly observe that the MAG layer has been strained the most since it 
undergoes the most plastic deformation. However in this case the maximum plastic strain 
occurs further below in the MAG layer at the interface of MAG and IL layers. Even 
though the maximum equivalent plastic strain from the above FEA analysis provides a 
good estimate of the region considerably affected by the mechanical scratch, it will not be 
used to quantify the scratch width of the region where demagnetization will occur.  
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Figure 7.14 FEA maximum equivalent plastic strain for (a) tip A (R = 240 nm), P = 50 
μN; (b) tip B (R = 633 nm), P = 100 μN after scratch (DLC layer not shown) 
Instead, for better accuracy, the sub-surface scratch widths were measured from the 
permanent lateral deformation or X-displacement in the MAG layer as shown in Fig. 7.15.  
Figure 7.15(a) depicts the sub-surface lateral deformation (designated as U1 
displacement) contour on the MAG layer for tip A with P = 50 μN. Similarly, Fig. 
7.15(b) depicts the sub-surface lateral deformation contour for tip B and P = 100 μN.  
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Figure 7.15 FEA max. lateral deformation (X-displacement) contours (DLC layer not 
shown) for (a) tip A (R = 240 nm), P = 50 μN; (b) tip B (R = 633 nm), P = 100 μN after 
scratch  – Units: nm 
Figures 7.16(a) and 7.16(b) show direct comparison of the experimental residual 
scratch width on the surface (obtained directly from the nanoscratch experiments) with 
the residual surface scratch width values obtained from the FEA simulations for tips A 
and B respectively. We can clearly observe that the surface scratch width correlation 
between FEA and experiments in both cases is excellent, further validating the FEA 
nanoscratch model. Next, we compare the FEA residual surface scratch width values to 
the sub-surface width of the region where permanent lateral deformation had occurred in 
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the MAG layer, shown in Fig. 7.17(a) for tip A and Fig. 7.17(b) for tip B. In both cases 
we can see that the permanently deformed region in the sub-surface MAG layer is 
significantly larger (wider) than the surface scratch width values with differences in the 
range of 35% to 50%. Lee et al. (2009) also performed nanoscratch experiments on a 
PMR disk where a magnetic pattern was written. They found that the region of magnetic 
erasure was larger than the physical scratch width. This supports the fact that 
demagnetization is caused by permanent deformation in the sub-surface MAG layer as 
postulated in earlier works (Furukawa et al. 2008; Xu et al. 2009; Lee et al. 2009), and 
verified with the FEA modeling in this work. 
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Figure 7.16 Comparison of experimental surface scratch width vs. FEA surface scratch 
width: (a) R = 240 nm; (b) R = 633 nm 
  
FEA modeling presented in this work provides a good analysis tool in the design 
of magnetic storage thin-films and layered structures, which are sufficiently robust to 
undergo scratch and physical damage without demagnetization. 
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Figure 7.17 FEA comparison of surface scratch width vs. sub-surface width of the MAG 
layer deformed region: (a) R = 240 nm; (b) R = 633 nm 
7.6. Summary 
 Controlled nanoscratch experiments were performed on PMR magnetic storage 
samples using three different tip radii to investigate scratch-related disk damage. An FEA 
model of the nanoscratch process that specifically included the exact thin-film layer 
properties was developed and used to simulate the experimental scratch conditions.  It 
was found that: 
• The FEA nanoscratch results correlated well with the experimental nanoscratch 
results. The FEA model enabled the characterization of the stresses, strains and 
deformations on the surface and sub-surface thin-film layers including the critical 
magnetic recording layer.  
• It was observed that sub-surface thin-film layers, such as the magnetic recording 
layer could be damaged without observable damage of the surface DLC layer. 
The exact location and extent of damage of the magnetic recording layer was not 
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only dictated by the scratch load but also the size of the scratch tip and the friction 
at the interface. Such permanent deformation in the magnetic recording layer will 
lead to demagnetization, in agreement with the literature.  
• The fact that the width of the permanent deformation in the sub-surface magnetic 
recording layer was larger than the surface scratch width supports the postulate 
that permanent deformation due to scratch leads to demagnetization.  
The FEA model could be used in designing robust thin-film layers with good mechanical 
properties as well as appropriate thin-film layer structures in magnetic storage hard disk 
drives. 
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Appendix A: Normal Impact Coefficient of Restitution Models  
A.1. Thornton Model 
From Hertz contact mechanics 
1/ 2 3/ 24
3 r
P E R δ=               (A.1) 
1
23
4 r
PRr
E
⎛ ⎞= ⎜ ⎟⎝ ⎠
               (A.2) 
2r Rδ=              (A.3) 
To calculate velocity at which full yielding occurs VσY, we can equate the kinetic 
energy imparted by the sphere to the work done on the half-space and using 
2
0
1/52 2
2
5
2
81
152
15
16
Y
Y
Y
Y
r
r YE rmV Pd R
R mVr
E
δ
σ δ= =
⎛ ⎞⇒ = ⎜ ⎟⎝ ⎠
∫
             (A.4) 
where rY is the contact radius at first yield 
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P
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δmaxδY
PY
δr
P
δ
max
eP
 
Figure A.1 Typical load vs. penetration curve during loading and unloading stages of 
contact 
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When full yielding occurs, the maximum mean contact pressure is equal to the hardness 
of the material  
2.9m Yp H σ= =          (A.5) 
22.9 r YY
E rH
R
σ π= =          (A.6) 
2 1/ 23 58
2 15Y r
R HV
E mσ
π π⎛ ⎞ ⎛ ⎞= ⎜ ⎟ ⎜ ⎟⎝ ⎠⎝ ⎠         (A.7) 
For plastic loading, a truncated Hertzian distribution was assumed corresponding to the 
yield contact pressure which is equal to the material hardness 
( )
0
2
pr
eP P p r H rdrπ ⎡ ⎤= − −⎣ ⎦∫         (A.8) 
where Pe is the equivalent elastic force given by Eq. (A.2) which would result in the same 
total contact area and rp is the radius of the contact area over which uniform pressure is 
assumed. 
On simplification we obtain 
( )2 2Y YP P HRπ δ δ= − −         (A.9) 
Elastic unloading: If plastic deformation occurs during the loading, the apparent radius of 
curvature Rnew at the point of maximum compression would be greater than the usual 
sphere radius R. The product of actual maximum normal contact force Pmax and Rnew 
would be the same as the product of maximum equivalent elastic force maxeP  and R. 
max
maxnew eR P RP=          (A.10) 
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The plastic loading line in Fig A.1 is linear. Assuming this line intersects the load axis at 
P0. From Eq. (A.6) and (A.9) the plastic contact stiffness kN is defined as 
2N r Yk RH E rπ= =          (A.11) 
max 0
max
P P
RH
δ π
−=          (A.12) 
Therefore from Eqs. (A.12), (A.2) and (A.3) 
0
0
2
2
Y r Y Y
Y
P P E r
PP
δ= −
⇒ = −          (A.13) 
Therefore Eq. (A.12) becomes 
max
max
2
2
YP P
RH
δ π
+=          (A.14) 
From Eqs. (A.10) and (A.14) 
3/ 2
max
max
24
3 2
Yr
new
P PER
P RHπ
+⎛ ⎞= ⎜ ⎟⎝ ⎠         (A.15) 
From Fig. A.1, during elastic unloading the load vs. displacement relationship will be 
( )3/ 21/ 24
3 r new r
P E R δ δ= −         (A.16) 
where δr is the residual depth shown in Fig. A.1 
To calculate coefficient of restitution ey: 
When Vy ≤ VσY, the impact is primarily elastic and ey = 1 
When Vy > VσY, the unloading kinetic energy is equal to the work done during elastic 
recovery.  
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( )21 2
2 5yr r
mV P δ δ= −          (A.17) 
where  
( ) ( )
2
max
r
new
r
R
δ δ− =          (A.18) 
( )2max2
max
31
2 10yr r
P
mV
E r
=          (A.19) 
Since ey = Vyr/Vyi 
( )2max2
2
max
3
5y r yi
P
e
E r mV
=          (A.20) 
The initial kinetic energy is the work done during the deceleration of the particles. From 
Fig. A.1 
( )( )
( )
2
max max
2 2
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1 2 1
2 5 2
1 2
2 5 2
yi Y Y Y Y
Y
yi Y Y
mV P P P
P P
mV P
RH
δ δ δ
δ π
= + + −
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      (A.21) 
Using Eqs. (A.1) and (A.21) we get 
  
( )
( )
2
max2
2
max2 2
1 2 1
2 5 4 3
1 1
2 2 4
yi Y Y Y Y
r Y
yi yr
r Y
P
mV P P
E r
P
mV mV
E r
δ δ= + −
⇒ = +
       (A.22) 
From which we get 
( )2 2 2max 12 6r Y yi YP E r mV mVσ
⎛ ⎞= −⎜ ⎟⎝ ⎠        (A.23) 
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Substituting Eq. (A.23) into (A.20) 
2
2
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21/ 2
2
max
6 11
5 6
6 3 11
5 2 6
YY
y
yi
YY
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Y yi
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r V
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P P V
σ
σ
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      (A.24) 
From Eqs. (A.1), (A.4) and (A.23) 
1/ 22
max 6 1
5 5
yi
Y Y
VP
P Vσ
⎡ ⎤⎛ ⎞⎢ ⎥= −⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
        (A.25) 
So now Eq. (A.24) modifies to 
1/ 4
1/ 221/ 2
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    (A.26) 
A.2. Tabor Model 
Elastic loading energy W1 is the sum of elastic unloading energy W2 and plastic 
unloading energy W3 
1 2 3
2 2
3
1 2 3
1 1
2 2yi yr
W W W
mV mV W
mgh mgh W
= +
⇒ = +
⇒ = +          (A.27)  
where h1 is the equivalent height generating potential energy mgh1 equal to the intial 
kinetic energy 212 yimV . Similarly h2 is the height of rebound equal to the rebound kinetic 
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energy 212 yrmV . The Kinetic energy during unloading is equal to the elastic energy 
released during unloading  
2
2
2 2
31
2 10yr r
PW mV mgh
rE
= = =         (A.28) 
Assume the volume of the residual indentation after impact is Volr. 
4
4r
rVol
R
π= ′            (A.29) 
where R′  is the residual radius of curvature after impact rebound 
The plastic energy lost during the impact W3 is 
4
3 4
m
m r
p rW p Vol
R
π= = ′          (A.30) 
But the effective radius of curvature during unloading Rnew is a function of sphere radius 
R and dent radius R′ . 
1 1 1
newR R R
= − ′          (A.31) 
Thus 
4 4
3
4 2
3
4 4
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4 16
m m
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R R
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R rE
π π
π
= −
⇒ = −
        (A.32) 
In Eq. (A.32), the second term can be expressed as a function of W2 from Eq. (A.28) 
4
3 2
5
4 8
mp rW W
R
π= −          (A.33) 
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Rearranging Eq. (A33) 
( )2 2 21
4
54
2 16
yi yr yr
m
m V V mVRp
rπ
⎛ ⎞−⎛ ⎞⎜ ⎟= +⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
       (A.34) 
From Eq. (A.28) 
2 3 2
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5
m
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r pV
mE
π=          (A.35) 
Eliminating r from Eqs. (A.34) and (A.35), we get 
8 4
5
3
8 83 317
8
yr r
m
yi yr
V mEp
RV V
= ⎛ ⎞−⎜ ⎟⎝ ⎠
        (A.36) 
Where pm is equivalent to the material hardness on plastic yield and is known, thus the 
Vyr can be calculated to obtain ey 
 
A.3. Johnson model 
The kinetic energy before impact is obtained as 
( )max max 42 21
0 0
1
2 4
r
m max
yi m
p rrdrW mV P d p r
R R
δ πδ δ π= = = =∫ ∫     (A.37) 
From Hertz solution, the load-displacement relationship during unloading follows 
4
28
3
r
m
EP
p
δπ=           (A.38) 
Therefore the elastic unloading energy is similar to Eq. (A.28) 
2 2 3 2
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Eliminating maximum contact radius rmax from Eqs. (A.37) and (A.39) we get 
1/ 42 2
2 5/ 4
2 3
0.53 2
5
yr yim
y
yi r m
V mVpe
V E p R
π
−⎛ ⎞⎛ ⎞= = ⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
      (A.40) 
On assuming pm ~ 3σY, the equation simplifies to 
1/81/ 2 2
3
0.5
3.74 yiYy
r Y
mV
e
E R
σ
σ
−⎛ ⎞⎛ ⎞≈ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
       (A.41) 
A.4. Brief discussion of normal impact models 
Johnson’s model applies better for very high impact velocities since it assumes 
that the impact will be predominantly plastic and total penetration δ is related to contact 
radius r by δ = r2/2R during loading (neglecting elastic strain energy). Thus at lower 
velocities, due to its assumed high mean contact pressure i.e., pm ~ 3σY during unloading, 
this model overestimates the rebound velocity.   
Tabor’s model also assumes unloading to be elastic with pm ~ 3σY through the 
unloading process. The difference with Johnson’s model is that Tabor’s model 
approximates the energy dissipation by accounting for the residual volume after the 
impact. This model also predicts higher rebound velocities at lower impact velocities 
albeit lower than Johnson’s model.   
Thornton’s model is considered to be the most accurate among the models 
evaluated in this work, since it approximates the unloading radius of curvature after 
plastic deformation more accurately. Thus for the velocity range used in the work, this 
model captures ey more accurately than the other models. 
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